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ABSTRACT

Facile Synthesis and Characterization of a Thermally Stable Silica-Doped Alumina
with Tunable Surface Area, Porosity, and Acidity

Maryam Khosravi Mardkhe
Department of Chemistry and Biochemistry, BYU
Doctor of Philosophy
Mesoporous γ-Al2 O3 is one of the most widely used catalyst supports for commercial catalytic applications. The performance of a catalyst strongly depends on
the combination of textural, chemical and physical properties of the support. Pore
size is essential since each catalytic system requires a unique pore size for optimal
catalyst loading, diﬀusion and selectivity. In addition, high surface area and large
pore volume usually result in higher catalyst loading, which increases the number
of catalytic reaction sites and decreases reaction time. Therefore, determination of
surface area and porosity of porous supports is critical for the successful design and
optimization of a catalyst support. Moreover, it is important to produce supports
with good thermal stability since pore collapsing due to sintering at high temperatures often results in catalyst deactivation. In addition, the ability to control the
acidity of the catalyst enables us to design desirable acid sites to optimize product
selectivity, activity, and stability in diﬀerent catalytic applications.
This dissertation presents a simple, one-pot, solvent-deﬁcient method to synthesize thermally stable silica-doped alumina (SDA) without using templates. The
XRD (X-ray diﬀraction), HTXRD (high temperature X-ray diﬀraction), SS NMR
(solid state nuclear magnetic resonance), TEM (transmission electron microscopy),
TGA (thermogravimetric analysis), and N2 adosorption techniques are used to characterize the structures of the synthesized SDAs and understand the origin of increased
thermal stability. The obtained SDAs have a surface area of 160 m2 /g, pore volume
of 0.99 cm3 /g, and a bimodal pore size distribution of 23 and 52 nm after calcination
at 1100◦ C. Compared to a commercial SDA, the surface area, pore volume, and
pore diameter of synthesized SDAs are higher by 46%, 155%, and 94%, respectively.
A split-plot fractional-factorial experimental design is also used to obtain a useful
mathematical model for the control of textural properties of SDAs with a reduced
cost and number of experiments. The proposed quantitative models can predict op-

timal conditions to produce SDAs with high surface areas greater than 250 m2 /g,
large pore volume greater than 1 cm3 /g, and large (40-60 nm) or medium (16-19 nm)
pore diameters.
In my approach, I control acid sites formation by altering preparation variables in the synthesis method such as Si/Al ratio and calcination temperatures. The
total acidity concentration (Brønsted and Lewis) of the synthesized SDAs are determined using ammonia temperatured program, pyridine fourier transform infrared
spectroscopy (FTIR), and MAS NMR. The total acidity concentration is increased
by introducing a higher mole ratio of Si to Al. In addition, the total acidity concentration is decreased by increasing calcination temperature while maintaining high
surface area, large porosity, and thermal stability of γ-alumina support.
I also present an optimized synthesis of various aluminum alkoxides (aluminum n-hexyloxide (AH), aluminum phenoxide (APh) and aluminum isopropoxide
(AIP)) with high yields (90-95%). One mole of aluminum is reacted with excess
alcohol in the presence of 0.1 mole % mercuric chloride catalyst. The synthesized
aluminum alkoxides are used as starting materials to produce high surface area alumina catalyst supports. Aluminum alkoxides and nano aluminas are analyzed by 1H
NMR, 13C NMR, 27Al NMR, gCOSY (2D nuclear magnetic resonance spectroscopy),
IR (infrared spectroscopy), XRD, ICP (induced coupled plasma), and elemental analysis.

Keywords: Mesoporous metal oxide, Synthesis, Solvent-deﬁcient method, Aluminum
alkoxides, Silica-doped γ-Al2 O3 , Thermal stability, Acidity, Surface area, Pore volume, Pore diameter.
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Chapter 1
Introduction
The aluminum oxides (aluminas) have various applications such as ceramic
membranes [1–3], paints and cosmetics [4, 5], reﬁnery catalysis, pollution control,
chemical catalysis, and catalyst supports (see Table 1.1) [6–12].
Table 1.1: Applications of aluminas in catalysis industry adopted from [12].

Application

Alumina Role

Example

Alkylation

Catalyst

Phenol

Dehydration

Catalyst

Formic acid

Dehydrogenation

Support

Hydrocarbon

Isomerization

Catalyst

1-methlcyclohexane

Isomerization

Support

Isophthalonitrile

Hydrogenation

Catalyst

Ethylene

Hydrogenation

Support

Benzene

Hydrodesulfurization

Support

Petroleum reﬁning

Hydrodenitrogenation

Support

Petroleum reﬁning

Cracking

Catalyst

Hydrocarbons

Cracking

Support

Naphtha

Clause catalyst

Catalyst

Sulfur

Auto exhaust

Support

Platinum
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Mesoporous γ−alumina (MA) with pore diameters between 2 and 50 nm is
a common catalyst support in heterogeneous reactions due to its high surface area,
large porosity, high thermal stability, and narrow pore size distribution. The main
advantages of mesoporous alumias are as follows:
1. Higher surface area leads to increased density of active sites in MA and higher
loadings of metals, metal oxides, and metal sulﬁdes while maintaining a high
dispersion of the active phase.
2. MA contain a relatively high density of basic sites (in addition to Lewis and
Brϕnsted sites) compared to conventional non-porous aluminas. Basic sites
increasing the interaction between metal oxides and alumina supports, thereby
enhance catalytic activity of oxide catalysts.
3. Surface area and pore properties of MA are tunable.
4. MA are thermally stable.
The pore size, surface area, thermal stability, and acid sites can be optimized
by varying the preparation conditions [12–16]. Therefore, the synthesis and characterization of MA are required to determine their structures and properties, which
leads to ﬁnding their appropriate applications in various industries.
This study focuses on the development of a facile solvent-deﬁcient method
to synthesize thermally stable MA catalyst supports with diﬀerent pore properties
and acid sites. In addition, I introduce a generalized method to synthesize diﬀerent
aluminum alkoxides that are used as starting materials to produce MA. In this chapter, I provide an overview of aluminum alkoxides and MA (alumina), including their
structures, properties and synthesis.
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1.1
1.1.1

Metal alkoxides
Metal alkoxides chemistry
The term alkoxide was ﬁrst proposed by Kuhlman [17] for alkaline derivates

of alcohols. Later Tishchenko [18] made a proposal to synthesize aluminum alkoxides
and use them for the ester condensation of aldehydes. Synthetic and physiochemical
properties of metal alkoxides were developed by Gilman [19, 20] and Bradley [21].
Bradely reported the synthetic method to prepare a variety of metal alkoxides and
determine the structure of oligomeric alkoxides using X-ray structure studies. He
reported that metal atoms achieve the highest coordination number with the lowest
molecular complexity. The metal alkoxides demand further development since they
are suitable precursors for synthesis of a variety of materials.
The physical properties of metal alkoxides (M(OR)n , where M: metal and R:
alkyl group) vary with the electronegativity and coordination number of the metal,
as well as the steric eﬀect of the attached alkyl group [12], where the identity of the
parent alcohol inﬂuences the electronic and steric properties of the alkoxide [13].
1.1.2

Preparation of metal alkoxides
Metal alkoxides are used as precursors to synthesize various nano metal oxides.

The majority of metal alkoxides (M(OR)n ) with n ≤ 3 can be easily puriﬁed through
distillation, sublimation (below 200◦ C), or recrystallization. As a result high purity
metal oxides can be produced using metal alkoxides. Unlike metal nitrates and
chlorides, metal alkoxides are easily puriﬁed; they hydrolyze to produce oxides with
no anionic contamination [22,23]. Moreover, metal alkoxides form mesoporous oxide
particles with high surface area and porosity. In the following, I discuss the diﬀerent
methods to produce various metal alkoxides.
3

1.1.2.1

Reaction of metals with alcohols

This method is performed for the most active metals. This reaction of metals
with alcohols is accelerated by catalysts such as I2 , Br2 , HgCl2 , or Hg which enhance
the dissolution of metals in alcohols [22]. Aluminum alkoxides can be produced without using a catalyst, but the reaction rates are very slow [24]. Therefore, aluminum
alkoxides are more eﬃciently produced using three equivalents of anhydrous alcohol
with one equivalent of metal in the presence of one mole % HgCl2 as catalyst [25] as
shown in Eq. 1.1.
0.01HgCl

2
Al + 3ROH −−−−−→
Al(OR)3 + 32 H2

(1.1)

This reaction has been widely used to make simple alkoxides, including aluminum isopropoxide and aluminum ethoxide. In these cases, this route has become
a well-known industrial process [22, 24–27]. Tomar and Yoo [28] recently reported
approaches to aluminum phenoxide and aluminum isopropoxide through this process
as well.
1.1.2.2

Anodic oxidation of metals

This method is used in the synthesis of the derivates of less active metals.
Such as electrochemical synthesis of Si, Ti, Zr, and Ge alkoxides by anodic dissolution
in alcohols. However, the dissolution of less active metals is often incomplete and
precipitation of metal or metal oxides is observed.
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1.1.2.3

Reaction of metals oxides or hydroxides with alcohols

This method is important for synthesis of thallium alkoxides and metal phenolates [22]. Since water is produced in this method and reactions are reversible (see
Eqs. 1.2 and 1.3), alcohols with the boiling temperature higher than 100◦ C are used.

1.1.2.4

MOH + ROH MOR + H2 O

(1.2)

MO + 2ROH M(OR)2 + H2 O

(1.3)

Reaction of alcohols and M Xn

This method involves interaction of hydrogen between alcohol and the anions
of metals (X) that produce a strong covalent bond with HX (see Eq. 1.4, in which
X can be H, alkyl, NH2 , NR2 , SH,...). Cr(OBu)4 , V(OR)4 , Sn(OR)4 , and Nb(OBu)5
were synthesized using this method [29]. The problem with the application of this
method is the availability of metal amides and alkyls. In addition, an amide group
is a strong σ-donor and π-donor, which stabilizes a higher oxidation state metal that
makes it inert to alcoholysis by ROH [30].
MXn + nROH −−→ M(OR)n + nHX(g)
1.1.2.5

(1.4)

Metathesis reactions of metal halides with alkaline alkoxides

Ge, Ti, In, La, Ln, Bi, V, Nb, W, and Fe alkoxides have been synthesized
through this route (see Eq. 1.5) [31–33]. However, this process is complicated by the
formation of bimetalic complexes such as NaM(OR)n .
MXn + nNaOR −−→ M(OR)n + nNaX
5

(1.5)

1.1.2.6

Reaction of alcohol interchange or transesteriﬁcation

Alcohol interchange method (Eq. 1.6) is used for synthesis of all methoxides
(MeOH has the minimum boiling temperature) and unstable alcohols which undergo
decomposition using other methods. The transesteriﬁcation method (Eq. 1.7) results
in complete substitution of OR, due to the stronger coordination of the carbonyl
oxygen compared to the alkoxide oxygen [29].
′

′

M(OR)n + nR OH −−→ M(OR )n + nROH
′′

′

′

′′

M(OR)n + nR COOR −−→ M(OR )n + nR COOR

(1.6)
(1.7)

Many studies have been done towards preparation of alumina (aluminum
oxide) with desired properties, e.g. particle size, surface area, pore volume, and pore
diameter, using diﬀerent aluminum alkoxides, such as aluminum isopropoxide [23,
34–38], aluminum sec-butoxide [37, 39–41], aluminum ethoxide [37], and aluminum
phenoxide [42]. The properties of alumina, particularly the surface area and pore
size, depend on a number of factors, including the nature of the aluminum alkoxide
starting material. Since the identity of the parent alkoxide inﬂuences the properties
of the alumina, it is important to develop an eﬃcient method to synthesize diﬀerent
aluminum alkoxides. In Chapter 6, the process to make diﬀerent pure aluminum
alkoxides and nanosized aluminum oxides is discussed.
1.1.3

Aluminum alkoxide structures
Aluminum alkoxides exist as monomers, dimers, trimers and tetramers with

various coordination numbers.

The oligomerization is inversely depends on the

steric demand of the R group attached to the oxygen [42]. The Al+3 can form
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Figure 1.1: Aluminum coordination numbers (a) 4-coordinated aluminum, (b) 5coordinated aluminum, (c) 6-coordinated aluminum.

four-coordinated, ﬁve-coordinated, and six-coordinated complexes. The structure of
aluminum ethoxide is polymeric, containing ﬁve-coordinated aluminum [43]. Aluminum tert-butoxide is dimeric containing aluminum with a coordination number of
four [43]. Aluminum isopropoxide exists as a trimer in freshly prepared samples or
as a tetramer in aged samples [43, 44]. The coordination numbers of aged aluminum
isopropoxide can be six and four [45]. Aluminum phenoxide has been reported to be
a trimer containing aluminum with coordination numbers of four and ﬁve [46]. Different coordination numbers of aluminum are also reported in di-aluminum alkoxide,
tri-aluminum alkoxide, tetra-aluminum alkoxide, and polynuclear aluminum alkoxide [42, 47–50].
1.1.4

Metal alkoxide sol-gel process
Two major developments in sol-gel processing have been done by Ebelmen [51]

and Grimaux [52]. The former prepared silicon alkoxides by reaction between alcohol
and silicon tetrachloride and the latter hydrolyzed tetramethoxy-silane to prepare
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silicic acid sols and make iron oxide from iron alkoxide. Later, Patrick [53] dried and
thermally treated the homogenous silica gel up to 700◦ C to produce porous silica [54].
By 1930, he produced several supported catalysts using the sol gel method [55–57],
which was the beginning of a development to produce variable catalyst supports
using the sol-gel method. Yoldas [58, 59] investigated preparation and properties of
alumina from aluminum alkoxides using the sol-gel method.
Sol gel preparation involves producing colloidal suspension (sols), which are
converted to viscous gels and consequently solid materials. The sol-gel method is
favored over other available methods due to the advantages below:
1. Highly porous materials and nano-crystalline materials can be prepared in this
way.
2. The low temperature of the sol gel processes is generally below the crystallization temperature for oxide materials which allows the production of amorphous
materials.
3. Particle size, pore size, and porosity of the sol-gel product can be adjusted by
appropriate chemical modiﬁcation of the precursors and control over the rate
of hydrolysis and condensation. In addition, by controlling aging and drying
conditions, a desirable pore size can be achieved.
4. The chemical condition is mild and no extreme pH condition is needed. In this
way pH sensitive species retain their function.
5. Templates can be used in sol-gel process to create pores with controlled size
and shape. They can be removed by acid treatment or heat treatment.
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6. Precursors such as metal alkoxides are volatile and easily puriﬁed by distillation
or sublimation which contributes to high purity product.
The alkoxide sol gel process occurs in a series of steps as follows: in the
hydrolysis step, alkoxide and water produce nROH and M(OR)3-n (OH)n (n=number
of water, R=alkyl group, M=metal). In the condensation step, two M(OR)3-n (OH)n
react and produce M-O-M bonds and either water or alcohol. The condensation can
occur in two possible ways: alkoxolation with alcohol elimination (Fig. 1.2a) and
oxolation with elimination of a water molecule (Fig. 1.2b). In the gelation step,
a network entraps the solution with high viscosity. In the aging step, cross-links
associated with shrinkage of gel are formed. In this step, covalent links replace nonbonded contacts. In the drying step, water, alcohol, and other volatile components
are evaporated. In the densiﬁcation step, thermal treatment leads to collapse of the
structure and formation of a metal oxide.
1.2

Aluminum oxide (Alumina)
As mentioned in Section 1.1, aluminum alkoxides are used to make Al2 O3

(alumina) catalyst supports for a wide range of applications, including hydrocracking,
hydrodesulfurization and Fischer-Tropsch catalysis (FT) [14, 28, 37, 60–62].
Hydrolysis of aluminum alkoxides results in a precipitate of AlO(OH) (boehmite)
in neutral solution. Subsequently, thermal treatment of AlO(OH) leads to crystalline
phase transitions and loss of hydroxide groups and protons. Thermal treatment of
AlO(OH) results in transformation of AlO(OH) into diﬀerent crystalline structures
of aluminas. The sequence of phase transformations (forms of alumina) at diﬀerent
temperatures can be summarized in Fig. 1.3 [63]. In addition to the phase transition, the other properties such as particle size, surface area, pore size distribution,
9
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Figure 1.2: Condensation process.

and pore volume are changed. These properties could inﬂuence alumina behavior in
catalyst reactions.
1.2.1

Forms of alumina
Alumina structures can be divided into two categories based on the arrange-

ment of oxygen anions (face-centered cubic (fcc), and hexagonal close-pack (hcp)).
Each category includes diﬀerent polymorphs based on the distribution of cations.
The γ, θ, δ and η aluminas have fcc structures. The κ, α and χ aluminas have hcp
structures. The stable alpha Al2 O3 phase (α−Al2 O3 or corundum) can be used as
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Temperature (oC)

Figure 1.3: Decomposition sequences of alumina hydroxides.

a refractory material, abrasive material, and color pigment. The metastable transitional Al2 O3 phases (chi (χ), eta (η), kappa (κ), gamma (γ), delta (δ), and theta
(θ)) are porous and can be used as adsorbents, desiccants, and catalyst supports.
1.2.1.1

Gamma alumina (γ)

The γ−Al2 O3 is poorly ordered and controversy still exists over its deﬁnitive structure. The γ−Al2 O3 was thought to have a cubic spinel structure until
the tetragonally-disordered spinel structure was reported [64, 65]. Lippens et al. [64]
found that distortion of spinel lattice decreases with increasing the time or temperature of heat treatment. In this case, the amount of tetragonal γ−Al2 O3 reduces during the formation of cubic γ−Al2 O3 . The commonly accepted structure of γ−Al2 O3
is a defect spinel structure [13] with the oxide anions arranged in a cubic close-packed
lattice and the cations occupying some or all of the octahedral and tetrahedral sites
11

in the lattice (Fig. 1.4). Based on neutron diﬀraction, X-ray diﬀraction, and electron
microscopy, the atom vacancies are found in octahedral sites [66], tetrahedral [67]
sites, or distributed over both spinel site positions [65, 68, 69]. Also, several computational and NMR studies have shown that atom vacancies are distributed on
octahedral [70, 71] and tetrahedral [72] sites. Smith et al. [73] employed a combination of X-ray pair-distribution function (PDF) and solid state NMR to characterize
γ−Al2 O3 structure. They reported that γ−Al2 O3 has boehmite-like stacking-fault
defects that steadily disappear during calcination.
The γ−Al2 O3 is the most widely used commercial catalyst support due to its
moderately high surface area, meso- and macro-porosity, and relatively high thermal
and hydrothermal stabilities. It is an eﬀective catalyst support for both base and
noble metals in many diﬀerent applications (e.g., Pt, Pd catalytic converters [8], Ni
catalyst in hydrogenation [74], Co(Ni)-Mo(W) sulﬁde catalysts for hydrotreating of
petroleum feedstocks [7], and Co catalyst for Fischer-Tropsch synthesis (FTS) [6,11]).
In these applications, the commercial aluminas require a unique range of surface area,
pore volume and pore diameter [75–77]. Thus, ability to optimize γ−Al2 O3 pore size
and pore volume is essential in the manufacture of these materials [11, 14, 78, 79].
γ−Al2 O3 can also be used as an active catalytic phase in applications that require
Brϕnsted and/or Lewis acid sites, e.g. alkylation, isomerization, polymerization,
hydrogenation and Claus reaction.
1.2.1.2

Alpha alumina (α)

The α−Al2 O3 is the only stable alumina phase at high temperatures, e.g.
1400◦ C. It has lower surface area and porosity than metastable aluminas such as
γ−Al2 O3 . The α−Al2 O3 has a trigonal structure that is described as ABAB stacking
of oxygen planes with aluminum ions in 2/3 of the octahedral interstitial positions
12

Figure 1.4: The ﬁrst two layers in the gamma alumina structure. Octahedral Al ions
are black, tetrahedral are grey.

Figure 1.5: The ﬁrst layer in the alpha alumina structure. Octahedral Al ions are
black.

(Fig. 1.5). The oxygen ions form a slightly distorted hexagonal close-packed structure. The hexagonal parameters for α−Al2 O3 are c = 1.297 nm and a = 0.475 nm
with cation to anion ratio of 2.73 [80].
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1.2.1.3

Eta alumina (η)

The η−Al2 O3 has a spinel structure. The structure of η−Al2 O3 is similar to
γ−Al2 O3 except that no aluminum cation occupies the eightfold tetrahedral sites
[81]. Based on NMR studies 35% of the aluminum is found to be in tetrahedral
sites and cation vacancies were distributed over tetrahedral and octahedral positions.
Lippens [64] suggested that η−Al2 O3 is tetragonaly deformed and also the degree
of tetragonal deformation is a function of the residual OH [82]. The η−Al2 O3 has
a high number of acid sites, which is used in catalytic industry for isomerization of
terminal oleﬁns [83].
1.2.1.4

Delta alumina (δ)

The δ−Al2 O3 consists of three spinel unit cells with ordered cation vacancies.
However, two kinds of unit cells, tetragonal and orthorhombic, have been proposed
for δ−Al2 O3 obtained from diﬀerent precursors [64, 81]. Repelin and Husson [84]
reported that δ−Al2 O3 contains 80 ions with 4 cation vacancies randomly distributed
over octahedral sites. The δ−Al2 O3 application is mostly reported as a reinforcement
in metal matrix composites [85, 86].
1.2.1.5

Chi alumina (χ)

Stumpf et al. [87] proposed that χ−Al2 O3 has a cubic unit cell, whereas
Jan [88] reported a hexagonal unit cell. Hexagonal χ−Al2 O3 has a layer structure,
the aluminum ions occupying octahedral sites within the hexagonal oxygen layers.
The stacking of the layers is disordered and has hydroxyl groups.
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Figure 1.6: The ﬁrst two layers (A and B) in the kappa alumina structure. Octahedral
Al ions are black, tetrahedral are grey.

1.2.1.6

Kappa alumina (κ)

The κ−Al2 O3 has an orthorhombic crystal structure with close-packed planes
of oxygen in a ABAC-stacking sequence (Fig. 1.6). Three-quarters of aluminum
ions exist in octahedral and one-quarter in tetrahedral sites [89]. The κ−Al2 O3 is
more ordered than χ−Al2 O3 . The κ−Al2 O3 is widely prepared in chemical vapor
deposition (CVD) technology.
1.2.1.7

Theta alumina (θ)

The θ−Al2 O3 is a deformed spinel lattice and is considered as an intermediate
between the cubic packing and hexagonal close packed structure (Fig. 1.7). The
θ−Al2 O3 has the monoclinic cell and the aluminum cations are distributed equally
between tetrahedral and octahedral sites [90].
1.2.2

Current synthesis of alumina
Two main categories to synthesize mesoporous alumina are primary synthesis

and secondary synthesis [77]. In the primary synthesis, organic or inorganic alu-
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Figure 1.7: Structure of theta-alumina in which half of the Al ions occupy tetrahedral
sites. Al ions are black, O ions are grey.

minum compounds are reacted with base to precipitate an aluminum hydrate or hydroxide. The secondary synthesis involves sol gel processing of an aluminum inorganic
salt or organic starting materials in the presence of templates or structure-directing
agents such as surfactants and polymers through scaﬀolding [91,92], nanocasting [93],
hydrothermal treatment [94], precipitation [95], and cation-anion double hydrolysis [96, 97]. The methods using surfactant are categorized into anionic surfactant,
cationic surfactant, and non-ionic surfactant methods [15].
1.2.2.1

Anionic surfactant

Stucky et. al. explained the concept of cooperative formation of inorganicorganic interfaces to synthesize metal oxides [98]. By adjusting the pH of the synthesis mixture, inorganic molecules were promoted to mesophase formation through an
electrostatic interaction with organic molecules. Davis et al. [23] produced mesophase
alumina by hydrolysis of aluminum alkoxide precursors in low molecular weight alcohol, using C5 to C18 carboxylic acid surfactants. The amount of water used was
higher than 3 which is the stoichiometry required in the following reaction (Eq. 1.8).
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Alumina with high surface area (710 m2 /g), narrow pore size, low thermal stability,
and a disordered pore structure was obtained.
Al(OR)3 + 3H2 O −−→ Al(OH)3 + 3ROH

(1.8)

Aluminum sec-butoxide precursor and stearic acid surfactant were used to
make alumina with pore sizes between 3.7 to 7.7 nm. On the other hand, removal
of the surfactant led to the collapse of the structure because of a strong bond between cationic alumina and the surfactant group. Moreover, high concentration of
surfactant led to low Al-O-Al connectivity due to coordination of anionic species
with aluminum.
1.2.2.2

Cationic surfactant

The inorganic species in solution would be cationic for syntheses carried out in
aqueous solution at pH below the isoelectric point of alumina or by hydrolysis of aluminum alkoxides in organic media. Acosta et al. [99] ﬁrst reported on the synthesis of
aluminum hydroxide-cationic surfactant mesophases using alkyltrimethylammonium
bromide in aqueous solution. Alumina within the range of 2 to 10 nm was synthesized in 1-butanol and cationic surfactants, using a water to aluminum sec-butoxide
molar ratio of 2 (Eq. 1.9).
Al(OR)3 + 2H2 O −−→ AlO(OH) + 3ROH
1.2.2.3

(1.9)

Non-ionic surfactant

Bagshaw et al. [100] used non-ionic surfactant di-block copolymers containing a hydrophilic poly ethylene oxide (PEO) and a hydrophobic hydrocarbon moiety;
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and aluminum sec-butoxide was used as a precursor. Mesoporous alumina was synthesized with pore sizes of 2.4 to 4.7 nm and surface areas of 420 to 535 m2 /g, which
is higher than other processes using charged surfactant.
However, all methods mentioned above have several limitations in commercial
applications:
1. These methods require use of toxic, expensive surfactants and tempelates, and
solvents.
2. These processes are multi-step methods which are laborious and time-consuming.
3. The synthesized aluminas have a low thermal stability.
Huang et al. [77,101] have previously reported γ−Al2 O3 supports which have
high surface areas (> 350 m2 /g) and pore volumes (> 1.7 cm3 /g); and in which the
pore diameters can be controlled over a large range (4 to 18 nm) made by an inexpensive, solvent deﬁcient method without the use of templates or surfactants, and
the pore size range is further extended from 4 to 37 nm by changing the alcohol used
during the gelation [102]. These γ−Al2 O3 supports are plate like with large porosity
based on slow hydrolysis condition (using small amount of water). Baker [103] proposed that a structure of alumina precursor (bohemite) due to slow hydrolysis leads
to formation of plate like alumina (Fig. 1.8).
While γ−Al2 O3 is stable during long term use at 500 − 600◦ C, at higher
reaction temperatures (650 − 1200◦ C) and especially in the presence of water vapor,
the porous structure collapses due to sintering and structural transformations to
other forms of alumina (α−Al2 O3 ), resulting in lower porosity of the supports, and
in some cases, deactivation of the catalyst. Thus, in a number of catalytic reactions
taking place at elevated temperatures and high steam concentrations, (e.g. auto
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Figure 1.8: Structure of plate-like alumina precursor (bohemite) [103].

emissions control and steam reforming [104–109]) the thermal and hydrothermal
stability of γ−Al2 O3 is inadequate. Nevertheless, γ−Al2 O3 can be stabilized against
sintering and phase transformations through the incorporation of suitable dopants
(i.e. alkaline earth oxides, transition, and rare-earth elements, as well as SiO2 ).
1.2.3

Current synthesis of thermally stable doped-alumina
Previous studies have demonstrated that thermal and hydrothermal stabil-

ities of alumina are substantially improved by the addition of 1 to 20 wt.% silica [107–113], titania [114, 115], zirconia [111, 116, 117], and rare earth elements such
as lanthanum [8, 105, 118] and cerium [104, 119, 120]. Of particular pertinence to
the present study is the use of silica at 1 to 10 wt.% as a stabilizer for γ−Al2 O3 . A
number of previous papers and patents address the preparation of stable silica-doped
alumina. In an early patent, a multi-step co-gel preparation method was reported to
produce silica-alumina with high porosity: the alumina sample contained 7% silica,
with a surface area of 150 m2 /g, and a pore volume of 0.9 cm3 /g at 1100◦ C (no pore
diameter was reported) [121]. This method involves the reaction of an alkali metal
aluminate and silicate, followed by ﬁltration, washing, and drying. Preparation of
silica-modiﬁed-alumina with 2 to 10% silica using a diﬀerent co-gel method has also
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been reported [122]: after calcination at 648◦ C, the 5% silica sample was reported
to have a moderately high surface area of 318 m2 /g and relatively low pore volume
of 0.46 cm3 /g. This method uses acid in the sol preparation and base in the gelation
step. Wan et. al. [123] reported a stabilized 5.5% silica-alumina support produced
by impregnating alumina with polyorgano silane; after calcination at 1100◦ C and
1200◦ C, the surface area was 158.2 m2 /g and 93 m2 /g, respectively; however, neither
pore volume and nor pore diameter data were reported. Other complex methods
involving solvents and pH adjustment techniques have also been used to make stable
silica-doped alumina [104, 108, 110, 124]. However, these particular supports do not
maintain high surface areas and pore volumes at higher temperatures. For example, Shutilov et al. [108] used an impregnation method to make a stable silica-doped
alumina but reported low values for both surface area (68 m2 /g ) and pore volume
(0.34 cm3 /g) and a moderately large pore diameter (15 nm) at 1100◦ C. Silica-doped
aluminas having high surface area and pore volume at high temperatures have also
been synthesized using aerogel and crygol methods, but they are costly and time
consuming [107, 109, 112]. For example, Miller [107] produced a stable silica-doped
alumina containing 10% silica by the multi-step aerogel method and using supercritical drying to remove the solvent. At 1200◦ C, it has a surface area of 150 m2 /g
and pore volume of 0.65 cm3 /g, which are unusually high for this temperature; no
pore diameter data were available. Horiuchi et. al. [109] used supercritical drying to
synthesize silica-doped alumina with a surface area of 110 m2 /g, pore volume of 0.9
cm3 /g and pore diameter of 18.6 nm at 1200◦ C.
From this previous work, it is evident that the addition of silica to alumina
produces alumina support materials with substantially higher porosity at high temperatures (relative to pure alumina). Such materials having thermal and hydrothermal stabilities facilitate higher catalyst loadings and increase catalyst lifetime, activ20

ity, and productivity at high operating temperatures [6]. However, most of the previous preparation methods involve complex, multi-step procedures and hence higher
manufacturing costs. Therefore, it would be desirable to devise simple, low-cost
methods that produce such materials that are discussed in Chapter 3 of this dissertation.
1.3

Overview of dissertation
Chapter 1 contains background information on aluminum alkoxides and alu-

minas, including their structures, properties and synthesis. In Chapter 2, characterization techniques are introduced to determine the structure and textural properties
of the aluminas in this research. Chapter 3 introduces a facile one-pot synthesis of a
nanosized thermally stable silica-doped alumina (SDA) having a large pore volume
(1 cm3 /g) and large bimodal pores (22 and 52 nm). The origin of increased thermal stability for Si doped alumina is also discussed. Chapter 4 includes a statistical
method to control porosity and surface area in thermally stable silica-doped alumina
support (SDA). Based on statistical models, optimal conditions to produce SDA
samples with large (40-60 nm) or medium (16-19 nm) pore diameters, high surface
area (> 250 m2 /g and large pore volume (> 1 cm3 /g) are quantitatively predicted.
Chapter 5 describes the control of acid site formation on alumina catalyst support by
altering diﬀerent preparation variables in the synthesis method such as Si/Al ratio
and calcination temperatures while maintaining high surface are, large porosity and
thermal stability of alumina support at higher temperatures. Chapter 6 describes
a generalized preparation method and characterization of aluminum isopropoxide,
aluminum phenoxide, and aluminum n-hexyloxide as starting materials to produce
high surface area nanosized alumina catalyst supports.
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Chapter 2
Characterization Techniques
2.1

Introduction
The factors determining the properties of nanoparticles are the arrangement

of atoms, particle size, surface area of agglomerates and particles; and morphology
(size and shape) of primary crystallite. Therefore, determination of nanoparticle
structures and morphologies are critical to the design, preparation, and applications
of such materials.
In this dissertation, X-ray diﬀraction (XRD), magic-angle spinning nuclear
magnetic resonance (MAS NMR), and transmission electron microscopy (TEM) are
used to study atomic arrangement, particle size, and agglomerate morphology of
nanosized silica-doped alumina. Their surface area, pore volume, and pore size
distribution are determined by nitrogen gas adsorption techniques. A basic outline
of these techniques and the information they provide is given in the following sections.
2.2
2.2.1

BET and Pore properties
Gas adsorption
Adsorption is a useful tool to characterize porous materials, allowing the de-

termination of surface area, pore size distribution and porosity. When the gas or vapor phase (adsorbate) is in contact with a solid surface, it can physically be adsorbed
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Figure 2.1: Four stages of gas adsorption on the solid surface in BET analyzer.

to the surface via weak Van der Waals interactions. There are some characteristics
of physical adsorption:
1. Physical adsorption is fully reversible, allowing the adsorbate to fully adsorb
and desorb.
2. Adsorption equilibrium is reached quickly since no activation energy is required.
3. Physical adsorption involves multiple layers of adsorbate, thus allowing pore
volume and pore diameter measurments.
Figure 2.1 shows the four stages of gas adsorption on the solid surface in a
BET analyzer to measure surface area, pore volume, and pore size distribution. At
stage (1), the solid surface begins to adsorb the adsorbate (gas) at low pressure. At
stage (2), monolayer formation starts as the gas pressure increases. At stage (3), the
solid surface begins to form multi-layer coverage as the pressure increases. At stage
(4), gas pressure further increases, which results in complete coverage of the sample
and ﬁlling of all the pores. From the data in stages 3 and 4, the calculations are used
to determine the surface area and porosity, respectively. The calculation methods
are discussed later in this section.
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Table 2.1: Available data from full range isotherm [1].
Region

Pressure range

Information

Henry’s Law region
Monolayer region
Multilayer region

P/Po<0.01
0.05<P/Po<0.3
0.3<P/Po<1

Surface area calculated using Henry’s Law
Surface area calculated from linear form of BET eq.
Pore volume determined at P/Po=1
Pore structure obtained from shape of hysteresis curve
Pore volume and pore size distribution determined using Kelvin eq.

2.2.2

Adsorption isotherms
Adsorption is usually described through isotherms, which is the amount of

adsorbate on the adsorbent as a function of its pressure at constant temperature
(typically liquid N2 , 77 K). Adsorption isotherms provide valuable information about
the adsorbent’s surface structure, surface area, and pore size in the case of porous
materials (see Table 2.1).
An adsorption isotherm is obtained through a point by point procedure. A
suﬃcient amount of adsorbate N2 is introduced to the sample and the system is
allowed to reach equilibrium. The pressure is measured at each level, producing
a series of points to form an adsorption isotherm. Before the measurement, each
sample is degassed at 150 − 200◦ C under nitrogen ﬂow to remove water. Adsorption
isotherms are classiﬁed by Brunauer, Deming, and Teller [2, 3] (see Fig. 2.2) into six
types:
Type I: Obtained when adsorption is restricted to a monolayer. Pores are
typically microporus with the exposed surface residing almost exclusively inside
the micropores, which once ﬁlled with adsorbate, leave little or no external
surface for further adsorption.
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Type II: Frequently encountered and represent multilayer physical adsorption. Most frequently found when adsorption occurs on nonporous powders or
powders with diameters exceeding micropores.
Type III: Shows no rapid initial uptake of gas and occurs when the forces
of adsorption in the ﬁrst monolayer are relatively small. Adsorption proceeds
when the adsorbate interaction with an adsorbed layer is greater than the
interaction with the adsorbent surface.
Type IV: Occur on porous adsorbents with pores in the range of 1.5-100
nm. At higher pressures the slope shows increased uptake of adsorbate when
pores become ﬁlled. A hysteresis loop arises from capillary condensation in
mesopores.
Type V: Observed where there is small adsorbate-absorbent interaction potentials (similar to type III) and are also associated with pores in the 1.5-100
nm range.
Type VI: Associated with layer by layer adsorption on a highly uniform surface, which is rare.
The characteristics of hysteresis loops in isotherms (shown in type IV in Fig.
2.2) can give information on pore shape and pore arrangement [1]. There are four
types of hysteresis loops (H1, H2, H3, and H4) as shown in Fig. 2.3. The H1
hysteresis is the result of adsorbents with a narrow pore size distribution of uniform
pores. The H2 hysteresis is given by the closely packed spherical particles with
uniform size or from a complex, interconnected pore network. The H3 hysteresis is
observed from the aggregates of plate-like particles or adsorbents with slit-like pores.
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Amount Adsorbed

Type I

Type II

Absence of hysteresis indicates
adsorp"on on and desorp"on from a
non-porous surface
Low slope region in
middle of isotherm
indicates ﬁrst few
mul"layers

Platea due to ﬁlled
pores and essen"ally
zero external area.

Rounded knee indicates
approximate loca"on of
monolayer forma"on.

Steep due to strong adsorp"on
(micropores)

Amount Adsorbed

Type III

Type IV
Hysteresis indicates capillary
condensa"on in meso and
macropores

Lack of knee represents
weak adsorbate-adsorbent
interac"on

Low slope
region in
middle of
isotherm
indicates ﬁrst
Histeresis region few
mul"layers

Rounded knee indicates
approximate loca"on of
monolayer forma"on.

BET is not
applicable

Type VI

Amount Adsorbed

Type V
Layer by layer adsorp"on
Lack of knee
represents weak
adsorbate-adsorbent
interac"on

Rare isotherm

BET is not applicable

P/Po

P/Po

Amount Adsorbed

Figure 2.2: The six types of adsorption isotherms [2].

H1

H2

H3

P/Po

Figure 2.3: Diﬀerent types of hysteresis [2].
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H4

The H4 hysteresis results from adsorbents with slit-like pores in the micropore range.
In this dissertation, the produced silica-doped aluminas are type IV isotherms with
an H3 hysteresis loop.
2.2.3

Surface area
Numerous studies have been done to develop mathematical expressions from

postulated adsorption mechanisms to ﬁt the various experimental isotherm curves.
The isotherm equations which are most frequently used are Langmuir [4] and Brunauer,
Emmett and Teller (BET) [5]. The Langmuir adsorption isotherm is based on the
characteristic assumptions that only monomolecular adsorption takes place, surface
is uniform, and there are no interactions among adsorbed molecules. Therefore, this
equation is not applicable for mesoporous materials with type IV isotherm involving
multilayer adsorption and capillary condensation. The theory of Brunauer, Emmett,
and Teller is an extension of the Langmuir treatment to allow multilayer adsorption
on nonporous solid surfaces with the following hypotheses: (1) Gas molecules are
physically adsorbed on a solid in layers inﬁnitely. (2) There is no interaction between each adsorption layer. (3) The Langmuir theory can be applied to each layer.
Therefore, in order to determine the monolayer coverage and the surface area of an
adsorbent, the BET theory is often used to model physical adsorption. Based on
these assumptions, the BET equation can be derived as:
n
CX
=
nm
((1 − X)(1 − X + CX))
n: mole of gas adsorbed at the equilibrium pressure P .
nm : mole of gas required to provide a complete monolayer.
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(2.1)

X: relative pressure (P/P0 ), where P is the measured pressure and P0 is the
saturation pressure.
−△Hc )
in which, C = C0 exp[ (△Ha1RT
], where △Ha1 is heat of adsorption on the ﬁrst layer,

△Hc is heat of condensation of gas, and C0 is a combination of pre-exponentials for
condensation to and evaporation from the ﬁrst and second layers, respectively [6].
To calculate the surface area Eq. 2.1 can be written as:
P
1 P
=
n(P0 − P )
(nm C) P0
The BET equation as shown in Eq. 2.2 requires a linear plot of
P
P0

(2.2)
P
n(P0 −P )

against

where the slope and intercept can be used to obtain nm and C. As a result, the

total surface area S can be derived as:

S = nm Lσ

(2.3)

L: Avogadro number (6.023 × 1023 )
σ: Adsorbate cross sectional area (0.162 nm for nitrogen)
Speciﬁc surface area (S ∗ ) is then determined based on Eq. 2.4, where W is the
sample weight.
S∗ =
2.2.4

S
W

(2.4)

Kelvin Equation and pore size
While BET theory provides a method to calculate the surface area, other ap-

proaches have been developed in order to determine the pore volume and pore radius
of porous materials. IUPAC has classiﬁed pore sizes in three categories: macroporous
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(>50 nm), mesoporous (2-50 nm), and microporous (<2 nm) [7–9]. Mesoporous, microporous, and nonporous materials have diﬀerent adsorption. The main reason for
this diﬀerence is pore condensation. Pore condensation is a phenomenon in which
the gas adsorbed in the pores forms a bulk liquid phase at a pressure less than the
saturated vapor pressure of the liquid at that temperature. One of the most common
approaches for addressing pore condensation in mesoporous materials is the Kelvin
equation (Eq. 2.5). The Kelvin equation was used by Barret, Jonier, and Halenda
(BJH method) to calculate the pore width from the pore ﬁlling pressure [10].

RT ln

P
2ν(VL )
=−
P0
rm

(2.5)

In Eq. 2.5, ν is the surface tension of the liquid phase, VL is the molar volume
of the liquid adsorbate, R is the gas constant, and rm is the radius of curvature of
the meniscus of the pore liquid.
The Kelvin equation is applied to the points on the hysteresis loop of the
isotherm, gives the corresponding values of rm . The rm is the mean radius of curvature of the meniscus of the capillary condensate. The capillary condensation occurs
within a pore, thus, the pore walls are lined with an adsorbed ﬁlm of thickness t.
Consequently, the rm is considered as an inner core rather than a pore [9, 11], due to
the multilayer adsorption. To convert rm to a measurement of the pore volume, the
t and the model of pore structure should be considered. It is assumed that the pores
are rigid and have the same shape (cylindrical or slit-like). For the cylinder, the pore
radius rp is the sum of rm and t. For a slit, the pore width dp is the sum of rm and 2t.
Therefore in the calculation of pore volume, the pore model meniscus curvature can
be either hemispherical for cylinder or hemicylindrical for slit. Total pore volume
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is derived from the amount of vapor adsorbed at the relative temperature close to
unity (assuming pores are ﬁlled with liquid adsorbate).

Vliquid =

Pa Vads Vm
RT

(2.6)

Pa = ambient pressure
Vads = volume of gas desorbed
3

Vm = molar volume of liquid adsorbate, N2 = 34.7 ( cm
)
mol
T = ambient temperature
Vliquid = volume of liquid N2 in pores
The average pore size can be estimated from the pore volume. Assuming cylindrical
pore geometry, the average pore radius rp can be expressed as Eq. 2.7, where S is the
surface area. Other pore geometries may need other appropriate models to measure
the pore radius.

rp =

2Vliquid
S

(2.7)

The BJH model is not valid to calculate the pore volumes and pore size
distributions of a cylindrical and slit pore geometries for mesoporous materials with a
relatively large, irregular slit-shaped structure. The silica-doped aluminas introduced
in this research have the large, irregular slit-shaped mesopores. Therefore, the pore
volumes and pore size distributions were calculated using the improved SPG (slit
pore geometry) model [12].
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2.3
2.3.1

Nuclear magnetic resonance
Nuclear magnetic resonance applications
Nuclear magnetic resonance spectroscopy is a powerful analytical technique

used to characterize organic molecules by identifying carbon-hydrogen frameworks
within molecules. 1H NMR is used to determine the type and number of H atoms in
13

a molecule;
Solid state

29

C NMR is used to determine the type of carbon atoms in the molecule.

Si and

27

Al NMR is also used to determine coordination numbers, bond

type, and acidity type for heterogeneous catalysts and other similar materials.
2.3.2

Nuclei and magnetic ﬁeld
The magnetic properties of atomic nuclei can be described by the spin quan-

tum number I and magnetic moment µ [13, 14]. The spin quantum number of a
nucleus is

1
2

if the proton is assumed to be a spherical object. µ can be expressed in

units of the Bohr magneton, and e and m are the charge and mass of a proton, respectively. The nuclear factor is represented as g. Equation 2.8 shows that a nucleus
with a spin quantum number of zero has no magnetic moment.

µ=g

eh
I
2mc

(2.8)

The rules for determining the net spin of a nucleus are as follows:
1. If the mass number (A) of a nucleus is odd, the nuclear spin (I) will be a
half-integer ( 1H,

13

C, and

15

N).

2. If the mass (A) and the charge (Z) numbers are both even, the nucleus will
have spin quantum number of zero ( 12C,
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16

O, and

32

S).

A spinning proton
creates a magnec ﬁeld.

With no external magnec ﬁeld:
The nuclear magnets are randomly
oriented.

In magnec ﬁeld:
The nuclear magnec are oriented
with or against B0.

B0
Figure 2.4: Spin orientation in the presence of magnetic ﬁeld [14].

3. If the mass number (A) is even and the charge number (Z) is odd, the nuclear
spin has an integral value ( 14N).
The

µ
Ih

ratio or magnetogyric ratio (ν) describes the magnetic properties of

a particular nucleus. Therefore Eq. 2.8 can be written as µ = hν. In an applied
magnetic ﬁeld (B0 ) a nucleus with a spin quantum number of

1
2

can align itself either

with (I = + 12 ) or against (I = − 12 ) the applied ﬁeld (Fig. 2.4).
The applied magnetic ﬁeld B0 will produce an angular acceleration, causing
the nucleus to process in the direction of the magnetic ﬁeld (Newton’s law) as shown
in Fig. 2.5. Processional frequency ω0 of aligned nuclei is shown in Eq. 2.9 which is
called the Lamor frequency. This frequency is in the radiofrequency range.

ω0 = νB0

2.3.3

(2.9)

NMR theory
The number of possible alignments of a magnetically active nucleus, when

placed into a magnetic ﬁeld is 2I +1. This energy splitting is called Zeeman splitting.
The transition between Zeeman levels is the basis of NMR analysis. In order to
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B0

Figure 2.5: Precession of a spinning nucleus in a magnetic ﬁeld.

Higher energy state

RF radia!on

B0

Lower energy state

Figure 2.6: Adsorbing RF radiation causes the nucleus to spin ﬂip [14].

make these transitions, a series of radio frequencies (RF) are applied to the nuclei
in a magnetic ﬁeld. The magnetic component of the RF acts perpendicular to B0 ,
which is causing the nuclear alignments. When the applied RF is similar to ω0 , a
transition between nuclear spin states occurs. The applied RF changes the strength
and direction of the magnetic ﬁeld, causing the magnetic moments to ﬂip to a higher
energy state (see Fig. 2.6) and precess around the new ﬁeld and align against the
magnetic ﬁeld. When applied RF is relaxed, the excited nuclear spin state decays
to a more stable ground state conﬁguration (aligned with the magnetic ﬁeld) and
re-emits RF radiation at the excitation frequency [15]. The decaying current can be
Fourier transformed into the frequency domain to reveal the resonance frequencies
of the nuclei.
Samples with large numbers of nuclei are subject to a secondary magnetic ﬁeld
generated by its own surrounding electrons and also a diamagnetic moment produced
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from nearby atoms and molecules. Thus, the secondary magnetic ﬁeld shields the
nucleus from applied magnetic ﬁeld and changes the energy level and resonance
frequency of the nucleus. This shifting is called a chemical shift which reveals the
chemical environment around the nucleus. The less shielded the nucleus becomes,
the more the applied magnetic ﬁeld (B0 ) is felt (e.g. protons near electronegative
atoms are more deshielded, so they absorb downﬁeld). In addition, nuclear magnetic
moments in the sample can interact with each other. Dipole-dipole coupling decreases
when intermolecular distance (r) increases. Nuclei with a spin larger than

1
2

are

called quadrupole spins. These are sensitive to the electric ﬁeld generated by their
surroundings. The coupling of the nuclear electric quadrupole moment with gradient
electric ﬁeld is called the quadrupole interaction. This interaction aﬀects the nuclear
spin energy levels in addition to the other magnetic interactions shown in Fig. 2.7.
J coupling constant is also observed from the spin-spin interaction of two
neighboring nuclei. This causes splitting in the peak. The number and relative
intensities of the multiplet components depend on the various orientations of the
interacting nuclear spin. Generally, the line frequency splits into a multiplet of
2nI + 1 components, where n is the number of magnetically equivalent spin I nuclei.
2.3.4

Solution and solid samples
When NMR analysis is used for a liquid solution, ﬁrst, local vibrations in

the magnetic ﬁeld become short-lived since neighboring dipoles orient easily. The
reorientation process reduces the ﬁeld band broadening and lines become narrow
(0.01 Hz for a proton). Second, the transmission of magnetic information from
nucleus to nucleus occurs by slight polarization of the spin motions of the molecule
itself and results in adding another dimension to NMR spectroscopy (HSQC, COSY).
When NMR is used in the solid state, the orientations of the nuclei are ﬁxed. Thus,
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The NMR signal is
single peak

The NMR signal splits
into a triplet (1:2:1)

Or

B0

B0
With no adjacent H’s:
The adsorbing H feels only one
magnetic field.

With two adjacent H’s:
The adsorbing H feels three different
fields, so it adsorbs at three different
frequencies.

Figure 2.7: Nuclear spin energy levels [14]

nuclei will resonate over a wide frequency range and generate line broadening (400
ppm for

13

C). The magic angle technique is used to average various solid state

interactions and is therefore considered a line narrowing technique for NMR spectra.
The chemical shift of the nucleus depends on a molecule orientation in the
applied magnetic ﬁeld [14] (nuclei aligned with the magnetic ﬁeld experience a greater
magnetic ﬁeld eﬀect than nuclei situated at right angles to the applied magnetic
ﬁeld). In a solid sample, the molecule’s will align themselves in all angles. Thus,
the chemical shifts of the nuclei are spread over a wide range. The width of this
spread is called chemical shift anisotropy (CSA). The chemical shift of a nuclide in
a solid sample is the chemical shift of the nucleus when the system is parallel to the
magnetic ﬁeld minus the chemical shift when it is at a right angle to the magnetic
ﬁeld. The anisotropic part of chemical shift is:

1
[CSA][3 cos θ
3

− 1], where θ is the

angle of the molecule with the applied ﬁeld. When θ=54.7o and sample spinning is
larger than CSA (Fig. 2.8), the anisotropic contribution to the chemical shift is zero,
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B0
Sample
spinning
o

54.74

Figure 2.8: Magic angle spinning.

which reduces the spectra to narrow lines. However, when high spinning rates are not
possible, a pulse sequence will help removing anisotropic. For example, anisotropy
cannot be removed by fast spinning for nuclei with I >

1
2

and + 12 to − 12 transitions

that are aﬀected by quadrupolar eﬀects, such as aluminum. Spinning quadrupolar
nuclei produces spinning side-bands that radiate out from the isotropic chemical shift
line. The magnetic angle method can narrow the side bands and
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Al chemical shifts

can be observed based on aluminum coordination numbers.
The concentration of each Al in diﬀerent environments can also be calculated
from the peak areas. Therefore, magic-angle spinning is a great tool to overcome
poorly resolved solid sample spectra, get information on the number of unique nuclear environments (e.g, concentration), and reveal the number and type of nearest
neighbors [16].
2.4
2.4.1

Transmission electron microscopy
Transmission electron microscopy applications
Electron microscopy uses a focused beam of high energy electrons that have

characteristic wavelength of less than 1 Å based on de Broglie wavelength [17]. Thus,
it allows detailed micro-structural examination through high-resolution and high53

magniﬁcation imaging. It reveals the size and morphology of particles, chemical
composition of materials and also enables the investigation of crystal structures.
Crystal structure can be identiﬁed by measuring the d-spacing of the crystal planes.
In this thesis TEM imaging is used to determine the size and morphology of catalyst
support nanoparticles.
2.4.2

TEM system
A transmission electron microscope consists of diﬀerent parts as below (dia-

gramed in Fig. 2.9 [13]):
1. The electron gun generates an intense beam of high energy electrons. The
source of electrons is a tungsten ﬁlament or lanthanum hexaboride.
2. The electron column is ﬁlled with a set of electromagnetic lenses and a set of
apertures that can be moved in and out of the beam path. Apertures consist
of a strip of molybdenum containing a sequence of diﬀerent sized holes that
allow modulation of the beam to diﬀerent degrees of precision. Electromagnetic
lenses can shape the electron beam which travels in a spiral trajectory.
3. The detector is usually the x-ray energy dispersive spectroscopy (EDS or EDX)
system that is located near the sample.
4. The sample is loaded in the specimen. The sample must be very thin (1-100
nm) to transmit a detectable portion of the electron beam.
5. The image is projected onto the screen in the viewing chamber. The screen
in the chamber is only used for producing a temporary image. To collect a
permanent image, a CCD camera is inserted into the path of the beam. This
allows the image to be collected in a digital form.
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Figure 2.9: Diagram of a transmission electron microscope [17].

Typical operating conditions of a TEM instrument are 100-200 keV electrons,
10 -6 mbar vacuum, 0.5 nm resolution and a magniﬁcation of 3 × 105 to 10 6. By
applying voltage, the electrons are emitted from the emitter (W or LaB6 ) and accelerated into the vacuum. Condenser lenses control illumination of the specimen
(they align the beam and control the current, density, size and focal point of the
beam). Objective lenses focus the beam (passed through the specimen). Projector
lenses magnify the image onto a ﬁnal imaging screen. Finally, images can be collected
using direct exposure or a digital CCD camera coupled to a ﬂuorescent screen.
2.4.3

TEM contrast information
Changes in the lens strength or deactivation lenses allow for many operating

modes in the TEM instrument to observe diﬀerent imaging. Some examples are
listed below:
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Bright ﬁeld image: In bright ﬁeld mode, the scattered/diﬀracted electrons
are blocked with an objective aperture (Fig. 2.10a). A primary electron beam of
high energy and intensity passes through a condenser to produce parallel rays that hit
the sample. The attenuation of the beam depends on the density and the thickness
of the sample. The transmitted electrons form a two-dimensional projection of the
sample mass, which is subsequently magniﬁed by the electron optics to produce a
bright ﬁeld image. Regions with no sample will appear bright and regions with
higher atomic number (thicker) will appear dark. This method is used mostly to
characterize nanoparticles.
Dark ﬁeld image: In dark ﬁeld mode, the electron beam is blocked, then
the scattered and diﬀracted electrons pass through the objective lens. Regions with
no sample will appear dark whereas regions with higher atomic number will appear
bright (strongly scatter/diﬀract electrons) as shown in Fig. 2.10b. Dark ﬁeld is
limited since it may cause damage to the sample due to high intensity illumination.
This method is used to examine polymers and bimolecules.
Selected area electron diﬀraction (SAD): Diﬀraction patterns can be
obtained by placing the aperture in the back of the focal plane of the lens and a
desired Bragg reﬂection can be selected (Fig. 2.10c). The holes in the aperture allow
a small fraction of the beam to pass through the sample. For thin crystalline samples, this produces an image that consists of a pattern of dots in the case of a single
crystal, or a series of rings in the case of a polycrystalline and amorphous material
(similar to XRD pattern). This pattern provides the investigator with information
about the crystal structure and lattice parameter. However, X-ray diﬀraction experiments are still more convenient and optimized for obtaining accurate crystallographic
parameters.
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Electron energy loss spectroscopy (EELS): EELS allow for the selection
of particular energies which can be associated with the way the electron has interacted
with the sample. For example, diﬀerent elements in a sample result in diﬀerent
electron energies in the beam due to inelastic scattering and energy lost, which is
measured by an electron spectrometer (Fig. 2.11). The change in energy is not
random but is directly related the inelastic collision of beams with speciﬁc electron
of orbital shell. The data can be used to provide information on chemical composition
and chemical bonds (Fig. 2.12), based upon the atomic transitions during electronelectron interaction. EELS is eﬃcient for atoms with low atomic numbers.
2.5
2.5.1

X-ray diﬀraction
X-ray diﬀraction applications
Powder X-ray diﬀraction (XRD) can be used for qualitative and quantitative

analysis. It is one of the oldest and most frequently applied techniques in catalyst
and catalyst support characterization. It is used to identify crystalline phases by
means of lattice structural parameters (such as d spacing), and to obtain particle
size and shape. Powder XRD method is fast, non-destructive and can be done in-situ.
Crystal structures have planes made by repetitive arrangements of atoms (Fig.
2.13a), which are capable of diﬀracting X-rays (Fig. 2.13b). X-rays are electromagnetic radiation with wavelengths between 0.01 Å and 100 Å. Because the distance
between atoms and atomic planes in a crystal is ∼1-100 Å, crystals diﬀract X-rays.
The angles of diﬀraction diﬀer for the various planes within the crystal. Thus, every
compound or element has its own somewhat unique diﬀraction pattern. Comparing
the patterns allows diﬀerentiation of various structures.
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(b)

(a)

(d)

(e)

(c)

(f)

Figure 2.10: Ray diagrams of TEM imaging for the (a) bright ﬁeld, (b) dark ﬁeld,
(c) selected area electron diﬀraction modes adapted from Reimer [17], (d) bright ﬁeld,
(e) dark ﬁeld, and (f) diﬀraction images of Pt/La−Al2 O3 nanoparticles [18].
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Figure 2.11: The energy of an inelastically scattered electron is always less than that
of the primary electron [17].

Energy loss (eV)
Figure 2.12: The low-loss peaks of the Al atoms in diﬀerent environments. The
diﬀerences in the spectra are due to diﬀerences in bonding [13].
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Figure 2.13: (a) Face centered cubic structure, (b) X-ray diﬀractions

2.5.2

Bragg equation
The Bragg equation describes the scattering phenomenon on a crystal lat-

tice. Consider an incident beam that is reﬂected by planes. The path diﬀerence
between neighboring planes causes a phase diﬀerence between the diﬀracted beams,
so the reﬂected radiation shows constructive and destructive interference. The Bragg
equation (Eq. 2.10) predicts that constructive interference only occurs if the ratio
between the phase diﬀerence and wavelength is an integer value of n (Fig. 2.14).

nλ = 2dsinθ

(2.10)

d: lattice spacing, the shortest distance between two neighboring net planes.
n: 1, 2, 3, . . .
λ: in elastic scattering, the incident and reﬂected beam have same wavelength.
θ: the angle between the incident or the reﬂected beam and the net plane.
If one measures the angles, 2θ , under which constructively interfering X-rays
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Deviation 2θ

Figure 2.14: X-rays scattered by atoms in an ordered lattice interfere constructively
in directions given by Bragg’s law [19].

leave the crystal, the Bragg relation (Eq. 2.10) gives the corresponding lattice
spacings that are characteristic for a particular compound.

2.5.3

Reciprocal lattice and Ewald sphere
The Bragg equation permits a visual understanding of experimental diﬀrac-

tion eﬀects and the prediction of diﬀraction geometries. However, the most useful
method to explain diﬀraction phenomena was developed by Ewald [19] and has a
rather formidable name ”reciprocal lattice”.
The orientation relative to the lattice is deﬁned by Miller indices with the
values hkl. The dhkl is deﬁned as the perpendicular distance from a unit cell to the
ﬁrst plane in the family (hkl). Figure 2.15a shows unit cell planes as dhkl vectors. It
is clear that density of points representing planes, increases to inﬁnity as the origin is
approached. The full three dimensional vector representations of the planes in a unit
cell will be a sheaf of vectors projecting out of the sphere in all directions. Figure
2.15a shows that the vectors are approaching the origin according to the reciprocals
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(a)

(b)

Figure 2.15: (a) Representation of unit cell planes as dhkl vectors, (b) The reciprocal
lattice [19]

of dhkl . Ewald proposed plotting the reciprocal of d vectors (Eq. 2.11) instead of d
(Fig. 2.15b).
(dhkl )∗ =

1
dhkl

(2.11)

It is evident that the reciprocal lattice is a useful construction for demonstrating the lattice planes. The points in this space repeat at periodic intervals is called
reciprocal lattice. a∗ , b∗ , c∗ , d∗ are also reciprocal vectors.
Figure 2.16 shows an imaginary sphere (Eward Sphere) with a radius of

1
λ

around a real crystal. The Eward sphere has all of the components that are needed
to visualize the diﬀraction process geometrically, instead of mathematically using the
Bragg equation.
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Figure 2.16: Ewald sphere [19].

It is clear that a rotation of the crystal will also rotate the reciprocal lattice
because the reciprocal lattice is deﬁned in term of the real-space lattice (Fig. 2.17ac). When the crystal is rotated and reciprocal d vectors touch the Eward sphere, the
condition for diﬀraction is met and constructive interference occurs. The diﬀracted
beam emerges in the direction connecting the center of the sphere to the reciprocal
lattice point in contact with the sphere. A detector placed tangent to the sphere at
that point in real space will record an intensity of this speciﬁc diﬀracted beam.
2.5.4

Diﬀraction pattern
Two points should be considered to understand the diﬀraction pattern: (1)

The d∗hkl vector is associated with each point in reciprocal lattice with its origin on
63

(a)

(b)

(c)

Figure 2.17: Examples for the Ewald construction for the X-ray diﬀraction scan.

the Ewald sphere, and (2) each crystallite located in the Ewald sphere has reciprocal
lattice with an orientation determined by the orientation of the crystal. Figure 2.18
shows that a concentric cone is formed when d∗hkl vectors touch the Ewald sphere
in all direction. Therefore, each point in the reciprocal lattice produces a cone of
diﬀraction as the Bragg angle; the cones produce circles as shown in Fig. 2.19a and
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Figure 2.18: The intersection of d∗hkl vectors from a sample powder with Ewald
sphere [19].

b; Each circle in the pattern corresponds to diﬀraction from planes, and their dhkl
is calculated from the Bragg equation (Eq. 2.10) where wavelength is always known
for experiment.
Diﬀractograms (Fig. 2.19c) are measured as a function of the angle 2θ. When
the sample is a crystalline powder, the diﬀraction pattern is formed by a small
fraction of the particles only. Rotation of the sample during measurement enhances
the number of particles that contribute to diﬀraction.
The width (or rather the shape) of diﬀraction peaks carries information on
the dimensions of the reﬂecting planes. Diﬀraction lines from perfect crystals are
very narrow, for crystallite sizes below 100 nm, however, line broadening occurs due
to incomplete destructive interference in scattering directions where the X-rays are
out of phase. The Scherrer formula relates crystal size to line width (Eq. 2.12) to
calculate particle size [21]. The λ is the X-ray wavelength, β is the peak width, θ is
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(a)

(b)

(c)

Figure 2.19: Powder XRD of 24 nm NiO: (a) Powder XRD ring pattern, (b) Integrated slice of the ring, (c) Powder 2D pattern [20].

the angle between the beam and the normal to the reﬂecting plane, K is a constant
(often taken as one), and d is average crystallite diameter.

d=

Kλ
β cos θ
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(2.12)
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Chapter 3
The origin of increased thermal stability for silica-Doped alumina
3.1

Introduction
Gamma Alumina (γ−Al2 O3 ) is the most widely used commercial catalyst sup-

port because of its moderately high surface area, meso- and macro-porosity and relatively high thermal and hydrothermal stabilities. It is an eﬀective catalyst support
for both base and noble metals in many diﬀerent applications (e.g., Pt, Pd catalytic
converters [1], Ni catalyst in hydrogenation [2], Co(Ni)-Mo(W) sulﬁde catalysts for
hydrotreating of petroleum feedstocks [3], and Co catalyst for Fischer-Tropsch synthesis (FTS) [4,5]). Since each of these applications typically requires a unique range
of surface area, pore volume and pore diameter, commercial aluminas are supplied
with a wide range of surface areas and porosities [6–8]. Thus, ability to optimize
pore size, pore volume and surface areaγ−Al2 O3 is essential in the manufacture of
these materials [4, 9–11].
While γ−Al2 O3 is stable during long term use at 500 − 600◦ C, at higher reaction temperatures (650 − 1200◦ C) and especially in the presence of water vapor,
the porous structure collapses due to sintering and structural transformations to
other forms of alumina (α−Al2 O3 ), resulting in lower porosity of the supports, and
in some cases, deactivation of the catalyst. Thus, in a number of catalytic reactions taking place at elevated temperatures and high steam concentrations, (e.g.,
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auto emissions control and steam reforming [12–17]) the thermal and hydrothermal stability of γ−Al2 O3 is inadequate. Nevertheless, γ−Al2 O3 can be stabilized
against sintering and phase transformations through the incorporation of suitable
dopants (i.e., alkaline earth oxides, transition, and rare-earth elements, as well as
SiO2 ).Previous studies have demonstrated that thermal and hydrothermal stabilities
of alumina are substantially improved by the addition of 1 to 20 wt.% silica [15–21], titania [22,23], zirconia [19,24,25], and rare earth elements such as lanthanum [1,13,26],
and cerium [12, 27, 28].
Of particular pertinence to the present study is the use of silica at 1 to 10
wt.% as a stabilizer for γ−Al2 O3 . A number of previous papers and patents address
the preparation of stable silica-doped alumina. In an early patent, a multi-step cogel preparation method was reported to produce silica-alumina with high porosity:
the alumina sample contained 7% silica, with a surface area of 150 m2 /g, and a
pore volume of 0.9 cm3 /g at 1100◦ C (no pore diameter was reported) [29]. This
method involves the reaction of an alkali metal aluminate and silicate, followed by
ﬁltration, washing, and drying. Preparation of silica-modiﬁed-alumina with 2 to 10%
silica using a diﬀerent co-gel method has also been reported [30]: after calcination at
648◦ C, the 5% silica sample was reported to have a moderately high surface area of
318 m2 /g and relatively low pore volume of 0.46 cm3 /g. This method uses acid in the
sol preparation and base in the gelation step. Wan [31] reported a stabilized 5.5%
silica-alumina support produced by impregnating alumina with polyorgano silane;
after calcination at 1100◦ C and 1200◦ C, the surface area was 158.2 m2 /g and 93
m2 /g, respectively; however, neither pore volume and nor pore diameter data were
reported. Other complex methods involving solvents and pH adjustment techniques
have also been used to make stable silica-doped alumina [12, 16, 18, 32]. However,
these particular supports do not maintain high surface areas and pore volumes at
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higher temperatures. For example, Shutilov et al. [16] used an impregnation method
to make a stable silica-doped alumina but reported low values for both surface area
(68 m2 /g ) and pore volume (0.34 cm3 /g) and a moderately large pore diameter (15
nm) at 1100◦ C. Silica-doped aluminas having high surface area and pore volume at
high temperatures have also been synthesized using aerogel and crygol methods, but
they are costly and time consuming [15, 17, 20]. For example, Miller [15] produced a
stable silica-doped alumina containing 10% silica by the multi-step aerogel method
and using supercritical drying to remove the solvent. At 1200◦ C, it has a surface
area of 150 m2 /g and pore volume of 0.65 cm3 /g, which are unusually high for
this temperature; no pore diameter data were available. Horiuchi et al. [17] used
supercritical drying to synthesize silica-doped alumina with a surface area of 110
m2 /g, pore volume of 0.9 cm3 /g and pore diameter of 18.6 nm at 1200◦ C.
From this previous work, it is evident that the addition of silica to alumina
produces alumina support materials with substantially higher porosity at high temperatures (relative to pure alumina). Such materials having thermal and hydrothermal stabilities facilitate higher catalyst loadings and increase catalyst lifetime, activity, and productivity at high operating temperatures [5]. However, most of the previous preparation methods involve complex, multi-step procedures and hence higher
manufacturing costs. Therefore, it would be desirable to devise simple, low-cost
methods that produce such materials.
In this chapter, I report a simple, one-pot, solvent-deﬁcient preparation method
for silica-doped γ−Al2 O3 supports with high surface area, large pore volume, uniquely
large pores having a bimodal distribution, and high thermal stability. The results
indicate that in 5% SDA, Si ions are incorporated into vacant tetrahedral sites of the
alumina spinel and stabilize the structure to high temperatures.
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Figure 3.1: Synthesis of silica-dopped alumina.

3.2
3.2.1

Experimetnal
Material
Aluminum isopropoxide (C9 H21 O3 Al) (granular, 98+%) and tetraethyl or-

thosilicate (SiC8 H20 O4 ) (liquid, 99.9%) (TEOS) were purchased from Alfa-Aeser.
Commercial 5% silica-doped alumina (Siral-5) was purchased from Sasol for comparison.
3.2.2

Synthesis method
Silica-doped aluminas (100 g batches) (SDAs) were prepared via a patented

method [33] (see Fig. 3.1) that involves mixing aluminum isopropoxide (AIP) and
water at a 5:1 mole ratio of water to AIP, then 5 wt.% silica from tetraethyl orthosilicate (TEOS) and water at a 2:1 water to TEOS mole ratio. This precursor
was mixed for 30 minutes with a Bosch Universal Mixer (model: MUM6N10UC)
followed by a thermal treatment at 700, 900, 1100, 1200◦ C for 2 h each with 5 h
ramps. Samples with 0, 15 and 27 wt.% of silica were prepared for comparison.
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3.2.3

Characterization
The alumina phase was identiﬁed by powder X-ray diﬀraction (XRD) using a

PANalytical X’Pert Pro diﬀractrometer with a Cu Kα X-ray source (λ = 1.5418 Å)
operated at 45 kV and 40 mA. Scans were performed between 10◦ and 90◦ 2θ with a
step size of 0.0167◦ at a rate of 0.013◦ s−1 . The Scherrer formula was used to estimate
crystallite size [34]. In situ high-temperature XRD (HTXRD) experimentsfTEM
were performed using this same instrument equipped with an Anton Paar HTK
1200N stage. Scans were collected using the same parameters just described as the
samples were heated in puriﬁed air from 400 to 1200◦ C.
Nitrogen adsorption measurements were carried out using a Micromerictics
Tristar 3020 for the determination of surface properties at −196◦ C. Surface area
was calculated using the Brunauner-Emmett-Teller (BET) model in the P/P0 range
from 0.05 to 0.20. Pore volumes were determined at a single point of P/P0 equal to
0.990. Pore size distributions were calculated using an improved slit pore geometry
(SPG) model for large pore sizes [35]. Samples were degassed at 200◦ C under N2
ﬂow overnight before every measurement.
Microscopic images of samples were obtained with an FEI Philips Tecani F30
transmission electron microscope (TEM) at a voltage of 200 kV. TEM samples were
prepared by placing a drop of silica-doped alumina (1% dispersed in ethanol) on a
carbon ﬁlm with a copper mesh grid (Ted-Pella Inc.).
Thermo-gravimetric (TG) and diﬀerential-temperature (DT) analyses were
performed using a NETZSCH STA 409PC instrument (NETZSCH, Germany) in the
temperature range of 25-1400◦ C under 20 mL/min He gas ﬂow with a heating rate
of 3◦ /min. A sample weight of 30 mg was used in a platinum pan.
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Solid state MAS NMR spectra were obtained on a Bruker Avance I 400 (9.6
T) instrument using a 7 mm ( 29Si) or a 4 mm ( 27Al) broadband MAS probe. All
spectra were obtained at room temperature, and a spinning speed of 12.5 kHz for
27

Al or 4 kHz for

29

Si. The 1D

29

Si MAS NMR spectra used a single pulse direct po-

larization (DP) Block decay with a 240 s recycle delay to assure complete relaxation,
while the 1H- 29Si cross polarization (CP) MAS NMR spectra was obtained using a 5
ms contact time and a 10 s recycle delay. The

27

Al MAS spectra were also obtained

using a DP Bloch decay, and a π/6 pulse length. The

27

Al chemical shift was refer-

enced to the external secondary standard 1 M Al(H2 O)+
6 δ = 0.0 ppm, and the

29

Si

chemical shift was referenced to the secondary standard Q8 M8 δ = +12.6 ppm with
respect to neat TMS (δ = 0 ppm). Spectral simulations and deconvolutions were
performed using DMFIT [36, 37]. The Czejeck distribution [38] of the
ﬁeld gradient (EFG) tensor was used in the analysis of the

27

27

Al electrical

Al NMR, and gives rise

to the asymmetric line shapes. In some instances it was necessary to include multiple
distributions for a given Al environment to reproduce the experimental line shape.
3.3
3.3.1

Results
X-ray diﬀraction
Figure 3.2 shows XRD patterns for pure alumina and three silica-doped alu-

mina samples after calcination at 700, 900, 1100 and 1200◦ C. Only characteristic
broad peaks for γ-Al2 O3 at 45.7◦ and 66.6◦ are observed at 700-900◦ C for all samples; the broad lines indicate that samples are largely amorphous and consist of small
crystallites of small diameter. For the pure alumina sample only α-Al2 O3 is observed
at 1200◦ C (Fig. 3.2a). In contrast, mostly the γ-Al2 O3 phase is observed for 5, 15,
27% silica samples, respectively (Fig. 3.2b,c,d).
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(a)

(b)

(c)

(d)

SDA: Silica-doped alumina

Figure 3.2: XRD patterns of diﬀerent aluminas calcined at diﬀerent temperatures
for 2 h. (a) Pure alumina, (b) 5% SDA, (c) 15% SDA, (d) 27% SDA. Standards: 1)
Gamma alumina. 2) Alpha alumina. 3) Theta alumina. 4) Mullite.

Figure 3.2b shows XRD patterns of 5% silica-doped alumina (5% SDA), calcined from 700 to 1300◦ C for 2 h. Characteristic peaks of γ-Al2 O3 , along with traces
of θ-Al2 O3 are observed for 5% SDA after calcination at 1200◦ C, suggesting that the
phase is largely stable and the transition to the α phase has not yet occurred at this
temperature. The peaks attributed to α-Al2 O3 are not observed until 1300◦ C. A
comparison of these results with other published SDA materials is given below.
Figure 3.3 shows in situ high-temperature XRD patterns for 5% SDA in ﬂowing puriﬁed air. It is evident that the γ-Al2 O3 phase in 5% SDA is stable to 1200◦ C
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2 Theta
SDA: silica-doped alumina

Figure 3.3: In situ high-temperature XRD patterns of 5% SDA 700-1200◦ C.

without transforming to either θ-Al2 O3 or α-Al2 O3 , since no θ-Al2 O3 or α-Al2 O3
peaks are detected at 1200◦ C . The in situ results are largely consistent with those
for the ex situ furnace-calcined samples (Fig. 3.2a).
3.3.2

Nitrogen adsorption
Table 3.1 shows surface areas, pore volumes, and pore diameters for pure

alumina and three silica-doped alumina samples, calcined at 700, 900, 1100 and
1200◦ C. The surface area and pore volume of the pure alumina sharply decreases
with increasing calcination temperatures from 1100 to 1200◦ C; however, the addition
of silica maintained the surface area and pore volume of the aluminas. In addition,
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Table 3.1: BET results of 0-5-15-27% SDAs calcined at diﬀerent temperatures for
2h.
Silica%

CalcinationT
(°C /2 h)

0%

5%

15%

27%

700
900
1100
1200
700
900
1100
1200
700
900
1100
1200
700
900
1100
1200

BET
surface area
(m2/g)a
291
208
119
15
378
300
160
111
222
180
146
100
195
143
100
65

Mesopore
Pore
volume
diameter (nm)b
3
a
(cm /g)
1.56
19.8
1.12
25.5
0.77
26.7
0.05
0.00
1.83
14.7 and 35.0
1.60
19.8 and 51.8
0.99
22.5 and 52.0
0.59
29.4
1.40
43.1
1.10
39.2
0.96
33.6
0.66
31.1
1.0
51.6
0.89
51.3
0.57
45.4
0.33
48.6

Standard
deviation
(nm)
1.1
1.2
1.6
1.8
1.8
1.8
1.6
1.8
1.8
1.6
1.6
1.5
1.4
1.8
1.9

a)Determined by N2 adsorption at 77 K
b)Determined by improved slit pore geometry (SPG) model for large pore sizes using the desorption branch

5% silica-doped alumina (SDA) shows a bimodal pore size distribution and larger
pore diameter compared to other aluminas. The 5% SDA has a surface area of 160
m2 /g, a pore volume of 0.99 cm3 /g, and a bimodal pore distribution of 22.5 and 52
nm at 1100◦ C. The surface area, pore volume, and pore diameter were 111 m2 /g,
0.59 cm3 /g, and 29 nm, respectively for the same sample at 1200◦ C.
3.3.3

TEM images
TEM images (Fig. 3.4a) show that primary particles of 5% SDA are slab-like,

and have a length of 20 nm, a width of 15 nm, and a thickness of 5 nm. The thickness
of the slabs was calculated based on XRD using the Scherrer formula [34](Fig. 3.2a)
and is consistent with the TEM images. A random three dimensional stacking of

78

these primary particles is also observed. However, the pure alumina (Fig. 3.4b) has
similar slab-like primary particles but less order in the stacking, which is consistent
with the nitrogen adsorption results since the former possesses a larger pore volume
than the latter. Consequently, at higher temperatures (i.e. 1100◦ C, Fig. 3.4c),
the size of the 5% SDA primary particle remains relatively small; no signiﬁcant
grain growth is observed due to sintering from the γ to α phase transition which is
consistent with the XRD results.
3.3.4

TGA and DSC
Figure 3.5a shows the TG (thermogravimetric analysis) and DSC (diﬀerential

scanning calorimetry) curves of the 5% SDA sample. From the data it is clear that the
weight of 5% SDA decreases by increasing the temperature to 1400◦ C. This weight
loss is associated with the endothermic eﬀect around 100◦ C due to the evaporation of
alcohol and physically adsorbed water. There are also three exothermic eﬀects: ﬁrst,
between 800 and 1000◦ C due to crystallization of the γ-Al2 O3 phase; second between
1000 and 1300◦ C due to θ-Al2 O3 or silica-alumina phase formation and collapsing of
the 3D stack structure of γ-Al2 O3 (as shown in Fig. 3.4c); and third after 1300◦ C due
to the θ/γ phases to α-Al2 O3 phase transition. In contrast, the γ-Al2 O3 to α-Al2 O3
phase transition starts at 1200◦ C for pure alumina (Fig. 3.5b). These results conﬁrm
that the addition of 5 wt.% of silica delays the γ-Al2 O3 to α-Al2 O3 phase transition
by 100◦ C, consistent with the XRD results.
3.3.5

Solid state NMR measurements
Solid state

27

Al MAS NMR spectra and corresponding deconvolutions are

shown in Fig. 3.6. Three diﬀerent major Al environments are observed: an octahedral Al (VI) environment at δ ∼ +15 ppm, a ﬁve-coordinated Al (V) site at δ ∼ +40
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(a)

(b)

(c)
Figure 3.4: TEM micrographs of aluminas calcined at diﬀerent temperatures: (a)
5% SDA calcined at 700◦ C, (b) Pure alumina calcined at 700◦ C, (c) 5% SDA calcined
at 1100◦ C.
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Figure 3.5: Thermal analysis data for: (a) 5% SDA, (b) pure alumina, (c) 15% SDA
d) 27% SDA.

ppm and a tetrahedral site at +75 ppm [39–41]. Pure alumina calcined at 700◦ C
has 18% of the Al in the octahedral Al (IV) environment; after adding 5% silica, the
percent of tetrahedral Al remains the same (18%, 700◦ C), while there is an increase
in the Al (V) environment. The

29

Si MAS NMR and

29

Si- 1H CPMAS NMR spectra

for 5% SDA is shown in Fig. 3.7a. There is a broad overlapping resonance between
(-) 81 and (-) 89 ppm. This broad resonance cross-polarizes (CP) with protons, and
represents a phase in this material containing proton species (hydroxyl groups). (-)
81 ppm is assigned to Si(4Al), and (-) 89 ppm for Si(3Al) structures [41–43]. The
81

lack of the SiO4 species (δ ∼ -110 ppm) shows that Si incorporates into Al rich
coordination environments. This indicates that no separate Si domain exists in the
structure. 5% SDA (Fig. 3.7a) is shifted to a less negative δ in comparison to 27%
silica (Fig. 3.7b), most likely due to increased Al in the Si coordination sphere. For
27% SDA (Fig. 3.7b) more peaks are observed due to diﬀerent Si and Al coordination
structures (e. g. Si(3Al), Si(2Al), Si(1Al), etc.) [43].
3.4
3.4.1

Discussion
Silica-alumina structure
It is reported that alumina is a defect spinel structure, in which vacancies

are distributed in both octahedral and tetrahedral sites [44]. Silica content has
been theoretically calculated to be 13%, if Si and Al ﬁll all of the tetrahedral and
octahedral sites [17, 45]. The results of this study show that ideal porosity and
thermal stability of alumina are achieved by adding 5% silica.
It was shown from 27Al MAS NMR data for 5% SDA (Fig. 3.6) that aluminum
ions in tetrahedral sites are not displaced from tetrahedral to octahedral sites by
addition of silicon ions, contrary to the conclusion of Horiuchi et al. [17]; instead, Si
enters the tetrahedral vacancies in the defect spinel structure of alumina and forms
a Si-Al spinel phase since Al (IV) content is the same (18%) in both pure alumina
and 5% SDA.
The results of this study conﬁrm those reported from earlier papers [12, 15–
17, 20, 29–31, 46], that addition of a small amount of silica signiﬁcantly enhances
the thermal stability of the γ-Al2 O3 lattice structure up to very high temperatures
(1200◦ C) without formation of α-Al2 O3 . I suggest that Si doping may stabilize the
oxygen lattice and therewith retard the γ-Al2 O3 to α-Al2 O3 phase transition (Fig.
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Pure alumina 700oC

Pure alumina 1200oC

5% SDA 700oC

5% SDA 1200oC

Sample ID
Pure alumina
5% SDA
27% SDA

Calcination
T °C / 2h

Al (IV)%

Al (V)%

Al (VI)%

700
1200
700
1200
700
1200

18
1
18
22
14
24

2
0
19
2
29
1

80
99
63
76
57
75

SDA: Silica-doped alumina
27Al

Figure 3.6: The 1D
MAS NMR spectra for 5 and 27% SDAs and alumina
◦
calcined at 700 and 1200 C for 2 h.
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27% SDA

5% SDA

(a)

(b)

(a)

(b)

Figure 3.7: Direct 29Si MAS NMR and 29Si- 1H CPMAS spectra for (a) 5% SDA,
and (b) 27% SDA calcined at 700◦ C for 2 h.

3.2b). A similar conclusion has also been reported by Smith et al. [47] for the addition
of lanthanum.
Thus, for the transformation of γ-Al2 O3 to α-Al2 O3 , more energy is needed
for oxygen atoms to undergo rotations to restructure the oxygen lattice from fcc
(γ-Al2 O3 ) to hcp (α-Al2 O3 ) and to suppress atomic diﬀusion of Al and O to the
surface. It is known that the grain growth (α formation) and decrease in surface
area are due to ionic diﬀusion [45]. Diﬀusion occurs in expanding neck regions and
includes dislocations and lattice defects where alpha nucleation occurs [14]. Alpha
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formation or grain growth formations proceed at contacting points where defects
and stresses exist [17, 48]. The NMR data in Fig. 3.6 conﬁrm that pure alumina is
in the hexagonal alpha phase at 1200◦ C since 4-coordinated and 5-coordinated Al
essentially disappear, and the distribution (line width) of the Al (IV) is signiﬁcantly
reduced suggesting the formation of α-Al2 O3 , since only 6-coordinated Al exist in
α-Al2 O3 phase [49]. However, for 5% SDA calcined at 1200◦ C, 4- and 6-coordinated
Al are still present, conﬁrming that the addition of silica to alumina stabilizes spinel
γ-Al2 O3 phase to 1200◦ C, consistent with XRD and TGA results.
Evidence that the γ to α transformations are minimized in the 5% SDA
structure compared to that of pure alumina which is also shown in the TEM image
(Fig. 3.4b) for this sample. The 5% SDA samples have larger slab like primary
particles, more stacking and fewer neck regions than pure alumina. This results in
lower bulk density and less contacting points between the alumina crystallites. In
this study, the preparation involving a H2 O/Al ratio of 5:1 involves relatively slow
hydrolysis, formation of larger plates, and 3D stacking morphology, all of which result
in greater porosity [8]. This observation is consistent with the nitrogen adsorption
results, since 5% SDA has a larger pore volume than pure alumina (Table 3.1).
In addition to stabilizing the lattice structure of γ-Al2 O3 , Si addition may
also aﬀect the ordering and stability of crystal agglomerates. From the NMR data
(Fig. 3.6), the increased Al (V) concentration for 5% SiO2 /Al2 O3 treated at 700◦ C
relative to the undoped sample (0% Al (V)) can be attributed to the formation of an
interfacial silica-alumina phase in between primary crystallites in an agglomerate.
The

29

Si MAS NMR results also support this idea. Figure 3.7a shows that the

silica-alumina network originates in a structure consisting of Al-O-Si linkages and
no separate SiO2 phase is detected (no peak at δ ∼ -110 ppm ) suggesting that
Si incorporates into alumina structure and forming silica-alumina phase in γ-Al2 O3
85

structure. Indeed, in amorphous silica-alumina, Al (V) has been assigned to the
interface between the alumina phase and a silica-alumina phase [50]. This concept is
consistent with an earlier observation that addition of silica increases disordering of
alumina primary particles [51]. Moreover, it is also reported that bridging Al atoms
that stabilize stacking fault defects in γ-Al2 O3 structure are Al (V) [49] Another view
is that the interfacial silica-alumina phase disrupts the γ-Al2 O3 structure to form a
new Si-Al spinel phase, consistent with data showing that alumina containing less
than 28% silica forms a Al-Si spinel structure [52]. However, commercial 5% silica
doped alumina (Siral-5) has two separated phases of SiO2 and Al2 O3 [53].
The postulate of a separate silica-alumina phase at the interface of primary
crystallites would suggest the possibility of diﬀerent pore size regimes, which is consistent with BET data of this study showing a bimodal pore size distribution. The
smaller pores in the 5% SDA structure are in the same range as for the pure alumina
and are thus characteristic of those in the basic alumina structure in both doped and
pure samples. On the other hand, larger pores in 5% SDA (i.e., 35-52 nm) can be
assigned to the interfacial silica-alumina phase which apparently collapses at 1200◦ C
(note the absence of large pores in Table 3.1).
3.4.2

Comparison to other silica-doped alumina
Table 3.2 shows the speciﬁc surface area, pore volume and pore diameter

of lanthanum- and silica-doped aluminas synthesized by diﬀerent methods and of
commercial doped aluminas calcined at 700, 1100 and 1200◦ C. After treatment
of 5% SDA prepared by the method of this study at either 1100 or 1200◦ C for
2 h, only the γ phase is observed; this was the case in only one previous study
using cryogel methods to prepare a 10% silica/alumina. By contrast commercial and
noncommercial lanthanum- and silica-doped aluminas synthesized by other methods
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contain both γ and α or θ after treatment at 1100 and/or 1200◦ C for 2 h. The
surface and pore properties of the 5% SDA after treatment at 11001100◦ C for 2 h
are remarkable in comparison to the other silica-doped aluminas. The surface area
of 160 m2 /g is the largest, the pore volume of 0.99 cm3 /g is the second largest, and
the pore diameters of 22.5 and 52 nm are by far the largest. The bimodal pore size
distribution is also unique.
The 5% SiO2 /Al2 O3 prepared by Horiuchi et al. [17] using supercritical drying,
is uniquely stable among those prepared in previous studies. These workers reported
a highly thermally stable silica-doped alumina support that remains in the θ phase
after treatment at 1100◦ C for 1 hour with the largest pore volume of 1.3 cm3 /g
compared to 0.99 cm3 /g for the 5% SDA reported here, however the pore diameter
of 10 nm for their support is much smaller than the pore diameters of 5% SDA of
22.5 nm and 52.0 nm.
Table 3.3 shows the surface area and pore properties following very severe
treatments at diﬀerent temperatures for 24 h for 5% SDA and Siral-5 (5% silicadoped alumina from Sasol), the best commercial silica-doped support. The SDA
reported here shows improvements of 46% in surface area, 155% in pore volume, and
94% in pore diameter over Siral-5 after 24 h at 1100◦ C. In addition, XRD data (Fig.
3.8a) shows that α-Al2 O3 peaks are observed for Siral-5 calcined at 1100◦ C for 24
h. In contrast, 5% SDA XRD shows peaks attributed to γ and traces of θ-Al2 O3 at
same temperatures (Fig. 3.8b). Thus the thermally stable 5% SDA is superior to
other supports in terms of maintaining a high surface area and a large porosity at
higher temperatures.
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Table 3.2: Surface area, pore diameter, and mesopore volume for doped aluminas
with diﬀerent methods at diﬀerent temperatures (◦ C). S1= [17], S2= [20], S3= [15],
S4= [16], and S5= [54].
Sample ID

BET surface area
(m2/g)
700 1100 1200

Mesopore volume
(cm3/g)
700 1100 1200

PoreDiameter
(nm)
700
1100
1200
14.7 and 22.5 and
29.4
35.0
52.0

Alumina phase
1100

1200

Gamma

Gamma

11.4

Gamma
&
Alpha

Gamma
&
Alpha

10.8

18.6

Theta

Theta

-

3.5

3.5

Gamma

Gamma

0.65

-

-

-

-

Alpha
&
Gamma

0.35

-

7.4

15.0

-

Alpha
&
Theta

-

0.32

0.22

-

3.7

2.7

-

Gamma

-

-

0.50

-

-

7.8

-

-

-

-

-

0.50

0.5

-

11.4

16

-

-

5% Si/Al2O3
(SDA)g,a

338

160

111

1.83

0.99

0.59

5% Si/Al2O3
(Siral-5)f,a

288

128

73

0.61

0.4

0.23

7.7

11.2

5% Si/Al2O3S1,b

-

120

110

-

1.28

0.9

-

10%Si/Al2O3S2,c

-

100

47

-

0.2

0.1

10%Si/Al2O3S3,a

-

-

150

-

-

5% Si/Al2O3S4,d

187

68

-

0.57

3%La/Al2O3
( BLDA )h

280

139

-

3% La/Al2O3S5,e

199

-

3% La/Al2O3
(Puralox-SCFa)f

174

140

Calcined for: a) 2h, b) 1h, c) 5h, d) 4h, e) 6h.
f) commercially availalbe; results from this study (Puralox-SCFa: 3% lanthanum doped alumina, and Siral5: 5%
silica doped alumina from Sasol).
g) SDA: Synthesized silica-doped alumina.
h) LDA: Synthesized lanthanum-doped alumina.

3.5

Conclusions
In summary, I have produced a thermally stable silica-doped alumina with a

high surface area, a large pore volume, and a large bimodal pore distribution via a
facile, one-pot, solvent deﬁcient method. In this study, diﬀerent wt.% of Si (0, 5, 15,
27) doped aluminas were synthesized and thermally treated at diﬀerent temperatures
(700, 800, 1100, 1200◦ C). Results show that 5 wt.% silica-doped alumina possesses a
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Table 3.3: BET results of 5% SDA and Siral-5 calcined at diﬀerent temperatures for
24 h.
Sample
ID

BET
surface area (m2/g)a

Mesopore volume(cm3/g)a

Pore Diameter (nm)b

700°C 900°C 1100°C 1200°C

700°C 900°C 1100°C 1200°C

700°C 900°C 1100°C 1200°C
23.7
and
16.5 18.7
20.0
51.3

5%
SDAc

349

270

131

61

1.06

1.11

0.84

0.24

Siral-5Sasold

262

203

90

28

0.61

0.56

0.33

0.13

8.8

10.5

12.4

18.6

a) Determined by N2 adsorption at 77 K.
b) Determined by an improved slit pore geometry (SPG) model for large pore sizes using the desorption branch.
c) SDA: Synthesized silica-doped alumina; Gamma and traces of theta alumina peaks are observed at 1100 and 1200oC
for 24 h.
d) Siral-5: Commercially available 5% silica-doped alumina; Alpha alumina peaks are observed at 1100 and 1200oC
for 24 h.

(a)

(b)
SDA: Silica-doped alumina
Siral: Sasol 5% silica-doped alumina

Figure 3.8: XRD patterns of (a) Siral-5 calcined at diﬀerent temperatures for 24 h,
(b) 5% SDA calcined at diﬀerent temperatures for 24 h.

89

high surface area of 160 m2 /g, large pore volume of 0.99 cm3 /g, and a large bimodal
pore size distribution of 23 and 52 nm after thermal treatment at 1100◦ C. It remains
in the gamma phase to 1200◦ C.
The results of this study also provide insight into the mechanism of the stabilization of silica-doped alumina, as follows:
1. Silica stabilizes the oxygen lattice of γ-Al2 O3 and retards the α-Al2 O3 formation by formation of an interfacial silica-alumina phase in between primary
crystallites in the agglomerate, which aﬀects the ordering and stability of the
γ-Al2 O3 crystal agglomerates.
2. The 5 wt.% silica content is enough to enter tetrahedral vacancies in the γAl2 O3 structure which forms an interfacial silica-alumina phase which disrupts
the γ-Al2 O3 structure, improves stability, and forms a second large pore size
distribution in the structure.
In terms of applications, silica-doped aluminas prepared via this facile, onepot method, have favorable pore properties and excellent thermal stability. Therefore, it is the ideal catalyst support for high temperature applications, including
automobile emission control, hydrotreating of petroleum feedstocks (hydrodesulphurization), and Fischer-Tropsch synthesis.
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Chapter 4
A statistical approach to control porosity and surface area in
thermally stable silica-doped alumina support
4.1

Introduction
It is known that the performance of a catalyst strongly depends on the com-

bination of textural, chemical and physical properties of the support. Among these
properties, pore properties are critical for the successful design and optimization of
a catalyst. Pore size is essential since each catalytic system requires a unique pore
size for optimal catalyst loading, diﬀusion and selectivity [1–4]. Examples of this
are in (1) Pt, Rh and Pd catalysts for automobile emission control (pore size 3 to
5 nm) [5–8]. (2) Co(Ni)-Mo(W) sulﬁde catalysts for fuel hydrodesulfurization (pore
size > 20 nm) [8]. (3) Co and Fe catalysts for Fischer-Tropsch synthesis (FTS)
(pore size 10 to 20 nm) [1, 9]. In addition, high surface area and large pore volume
usually result in higher catalyst loading, which increases the number of catalytic
reaction sites and decreases reaction time [1]. Moreover, it is important to produce
supports with good thermal stability since pore collapsing due to sintering at high
temperatures often results in catalyst deactivation [10–15].
It has been reported previously that the pore properties of alumina catalyst
supports are signiﬁcantly inﬂuenced by a number of synthesis parameters, including
the choice of aluminum source, synthesis route, structure directing agent, and solvent [16–21]. For example, Du et al. [16] synthesized alumina with pore diameters
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from 2-20 nm using sodium aluminate. Alumina having pore diameters from 4 to
8 nm have been prepared using nonionic polyethylene oxide-based surfactants [17],
CTAB (cetyltrimethylammonium bromide), carboxylic acid, and stearic acid surfactants [18–20], but poor thermal stability at high temperatures was reported. Zhang
et al. [21] further enlarged the pore size range from 3.5 to 15 nm using TPAOH
(tetrapropylammonium hydroxide), CTAB, and NaOH. Recently, Huang et al. [22]
reported control of pore properties without using templates or surfactants. In their
study, alumina having pore diameters from 4 to 18 nm were obtained by varying the
water to aluminum molar ratio in the hydrolysis of aluminum alkoxides [22], and the
pore size range was further extended from 4 to 37 nm by changing the alcohol used
during the gelation [23]. In addition, it is well known that drying and calcination
conditions are critical to the pore properties of alumina, since the former aﬀects the
formation of alumina precursors [24–26] and the latter induces the removal of surface
hydroxyl groups, crystallization and sintering [25, 27, 28].
In Chapter 3, I introduced a facile solvent-deﬁcient one-pot method to produce
a high surface area and large pore volume γ−Al2 O3 that is thermally stable up to
1200◦ C without transformation to α−Al2 O3 . In this chapter, the control of pore
sizes, with large (40-60 nm) or medium (16-19 nm) pore diameters of thermally
stable γ−Al2 O3 , is achieved by controlling a number of synthesis factors, including
mixing method, time, environment; calcination ramp rate; and alcohol concentration.
Since the pore properties are inﬂuenced by a large number of factors, it is
important to understand the relationship between pore properties and each synthesis
parameter; however, this requires signiﬁcant time and cost to conduct all possible
experiments to elucidate the eﬀect of each variable. In this chapter I will show that
through the use of a statistical design, the important relationships can be determined
at a fraction of the experimental cost and time.
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Split-plot factorial statistical designs [29, 30] are useful when a randomized
run order is structurally impossible, expensive, or inconvenient. Statistical reasons
have been provided by Anbari et al. [31] to prefer a split-plot arrangement over a
completely randomized design in these situations. They have shown that a smaller
prediction variance can be achieved in some split-plot arrangements of two-level
factorial designs than can be achieved with the corresponding completely randomized
designs. Therefore, split-plot designs are more eﬃcient when one or more of the
factors need larger experimental units than other factors, or it is harder to change
the levels of one or more of the factors [29]. In the synthesis of silica doped aluminas,
a full factorial split-plot experimental design was useful because factors in the mixing
process (mixing method, time, environment; and alcohol concentration) could only
be varied between batches of reagents, while factors in the drying and calcination
steps could be varied between portions of a single batch.
In this chapter I used a split-plot fractional-factorial experimental design to
obtain a useful mathematical model for the control of textural properties with a
reduced cost and number of experiments [32,33]. Statistical analysis of the data from
the experiments identiﬁed the most signiﬁcant factors and interactions that aﬀect on
the pore diameter, surface area and pore volume of the resulting SDAs. The models
obtained were then used to predict the ideal conditions necessary to produce high
surface area, large pore volume, and diﬀering pore sizes in the synthesis process.
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4.2
4.2.1

Experimental
Material
The aluminum isopropoxide (C9 H21 O3 Al) (granular, 98+%) and the tetraethyl

orthosilicate (SiC8 H20 O4 ) (liquid, 99.9%) (TEOS) were purchased from Alfa-Aeser.
Distilled water was used throughout the synthesis.
4.2.2

Synthesis method
Silica-doped aluminas (100 g batches) were prepared by adding aluminum

isopropoxide (AIP), water in a 5:1 water to AIP mole ratio, 5 wt.% silica from
TEOS, and more water in a 2:1 water to TEOS mole ratio. The mixture was then
mixed and thermally treated at 700◦ C for 2 h with a 5 h ramp rate. To measure
thermal stability, samples were calcined to 1200◦ C for 2 h with a 5 h ramp rate.
The factors that were chosen to be varied in the split-plot factorial design were (1)
a sealed mixing environment (yes or no). (2) mixing method (hand or mechanical
mixing). (3) Alcohol concentration (yes (400 ml) or no (0 ml))). (4) Drying precursor
temperature (25◦ C or 100◦ C), time (no or 24 h), a sealed drying environment (yes or
no)]. (5) calcination ramp (1◦ C/min or 10◦ C/min). Mechanical mixing was carried
out using a Bosch Universal mixer (model: MUM6N10UC). The total number of
experiments was 96.
4.2.3

Statistical analysis
The speciﬁc design that I used is called a split-plot design with a full 24 facto-

rial in the whole plots, and a

3
4

fraction of a 4×2 factorial design in the subplots. The

analysis of the un-replicated split-plot experiment was made in two steps. Following
the procedure described by Bisgaard et al. [34], the whole plot means were analyzed
102

in the ﬁrst step to ﬁnd which whole-plot factors and interactions were signiﬁcant.
This was done by calculating all eﬀects and interactions in the saturated model for
the 24 design in the whole plots, and then identifying signiﬁcant eﬀects using a halfnormal plot. After eliminating the insigniﬁcant whole plot eﬀects and interactions,
the second step was performed by ﬁtting a mixed model to the individual observations [35]. The batch was considered to be a random factor, and the model was ﬁt
using the REML method with JMP 10 software. The JMP Fit Model menu was used
to test all ﬁxed eﬀects in the model.
4.2.4

Characterization
The prepared silica-doped alumina samples were analyzed by powder X-ray

diﬀraction (XRD) using a PANalytical X’Pert Pro diﬀractrometer with a Cu Kα
X-ray source (λ = 1.5418 Å) operated at 45 kV and 40 mA. Scans were performed
between 10◦ and 90◦ 2θ with a step size of 0.0167◦ at a rate of 0.013◦ s−1 .
Nitrogen adsorption measurements were carried out using a Micromeritics
Tristar 3020 for the determination of surface properties at −196◦ C. Surface area
was calculated using the Brunauner-Emmett-Teller (BET) model in the P/P0 range
from 0.05 to 0.20. Pore volumes were determined at a single point of P/P0 equal to
0.990. Pore size distributions were calculated using an improved slit pore geometry
(SPG) model for large pore sizes [36]. Samples were degassed at 200◦ C under N2
ﬂow overnight before every measurement.
Microscopic images of sample of batch two L2 with no drying condition (Table
4.1) was obtained with an FEI Philips Tecani F30 transmission electron microscope
(TEM) at a voltage of 200 kV. TEM samples were prepared by placing a drop of
silica-doped alumina (1% dispersed in ethanol) on a carbon ﬁlm with a copper mesh
grid (Ted-Pella Inc.).
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Table 4.1: Experiments to make SDAs.
Batch

1
1
1
1
1
1
2
2
2
2
2
2
3
3
3
3
3
3
4
4
4
4
4
4
5
5
5
5
5
5
6
6
6
6
6
6
7
7
7
7
7
7
8
8
8
8
8
8
9
9
9
9
9
9

Sample
ID

Surface
area
(m2/g)a

Pore
volume
(cm2/g)a

Pore
diameter
(nm)b

St.
dev
(nm)

L1SDA1
L1SDA2
L1SDA5
L1SDA6
L1SDA7
L1SDA8
L2SDA1
L2SDA2
L2SDA5
L2SDA6
L2SDA7
L2SDA8
L3SDA1
L3SDA2
L3SDA5
L3SDA6
L3SDA7
L3SDA8
L4SDA1
L4SDA2
L4SDA5
L4SDA6
L4SDA7
L4SDA8
L8SDA1
L8SDA2
L8SDA5
L8SDA6
L8SDA7
L8SDA8
L6SDA1
L6SDA2
L6SDA5
L6SDA6
L6SDA7
L6SDA8
L7SDA1
L7SDA2
L7SDA5
L7SDA6
L7SDA7
L7SDA8
L15SDA1
L15SDA2
L15SDA5
L15SDA6
L15SDA7
L15SDA8
L10SDA1
L10SDA2
L10SDA5
L10SDA6
L10SDA7
L10SDA8

261.7
233.2
352.9
272.4
269.2
280.5
311.6
341.9
367.2
392.7
329.9
319.9
402.1
336.2
384.2
434.3
447.4
389.5
344.5
356.3
408.2
385.6
348.5
340.5
335.6
285.1
318.7
288.5
408.2
382.4
315.5
209.1
429.7
309.2
336.5
309.9
235.2
294.4
388.1
378.4
242
246.4
367.6
392.8
349.8
366.7
423.8
414.5
340.5
356.3
314.6
355.7
431.2
430.9

1.527
1.431
2.124
1.564
1.524
1.647
1.689
1.667
1.948
2.134
1.735
1.542
1.937
1.799
1.63
2.128
2.194
1.969
1.768
1.635
1.836
1.888
1.662
1.719
1.651
1.56
1.493
1.578
2.245
2.264
1.198
1.167
2.437
1.815
1.594
1.786
1.139
1.64
2.364
2.284
1.275
1.319
1.681
1.536
1.48
1.922
2.145
2.145
1.721
1.643
1.74
1.9
2.359
2.196

35.76
37.78
21.4,58.4
44.01
44.28
45.47
18.8,60.4
18.7,50.1
15.9,49.3
16.1,49.4
16.7,49.4
19,51.3
16.91
18.23
15.9
16.47
15.56
17.82
17.21
18.38
17.04
17.51
18.75
18.75
21.5,53.8
22.4,60.2
36.66
21,54.7
17.8,47.9
18.6,49
20.7,53.5
28.6,61.2
18,48.4
22.2,58.8
22.0,57.2
21.1,50.5
27.7,61.7
22.6,60.6
20.0,57.5
19.4,48.8
23.5,59.5
23.1,60
16.65
17.29
13.73
17.21
19.4
17.55
16.8,48.4
15.6,45.4
16.9,48
17.3,47.9
16.6,47.1
15.9,44.7

1.63
1.64
1.9,1.3
1.61
1.57
1.48
2.9,1.4
1.6,1.6
1.5,1.6
1.5,1.6
1.6,1.6
1.8,1.9
1.32
1.25
1.24
1.39
1.41
1.23
1.26
1.32
1.27
1.28
1.35
1.31
2.1,1.6
2.5,1.2
1.66
2.0,1.6
1.5,1.7
1.8,1.6
2.3,1.5
3.2,0.9
1.6,1.7
2.5,1.6
2.2,1.5
2.0,1.8
3.5,1.0
3.4,0.9
1.9,1.0
1.6,1.8
2.4,1.4
2.8,1.4
1.27
1.24
1.31
1.23
1.37
1.26
1.5,1.9
1.6,1.4
1.5,1.9
1.4,1.7
1.4,1.6
1.4,1.3

Mixing
method
H:hand
M:Bosch

Mixing
seal
Y:sealed
N: not
sealed

Mixing
time
(min)
H:30
L:15

Alcohol
Y:yes
N:no

H

Y

L

Y

M

Y

H

N

H

Y

L

N

M

N

L

N

M

N

L

Y

M

Y

L

Y

M

Y

H

Y

H

N

L

N

H

Y

H

N

Drying:
N:no
Y:yes
(Time(h)/T(°C)/
cap(on or off)
N
N
24h/25°C /cap on
24h/25°C /cap on
24h/25°C /cap off
24h/25°C /cap off
N
N
24h/100°C /cap off
24h/100°C /cap off
24h/25°C /cap on
24h/25°C /cap on
N
N
24h/100°C /cap off
24h/100°C /cap off
24h/25°C /cap on
24h/25°C /cap on
N
N
24h/25°C /cap on
24h/25°C /cap on
24h/25°C /cap off
24h/25°C /cap off
24h/25°C /cap on
24h/25°C /cap on
24h/25°C /cap off
24h/25°C /cap off
24h/100°C /cap off
24h/100°C /cap off
N
N
24h/100°C /cap off
24h/100°C /cap off
24h/25°C /cap on
24h/25°C /cap on
N
N
24h/100°C /cap off
24h/100°C /cap off
24h/25°C /cap off
24h/25°C /cap off
24h/100°C /cap off
24h/100°C /cap off
24h/25°C /cap on
24h/25°C /cap on
24h/25°C /cap off
24h/25°C /cap off
N
N
24h/100°C /cap off
24h/100°C /cap off
24h/25°C /cap off
24h/25°C /cap off

a)Determined by N2 adsorption at 77 K
b)Determined by improved slit pore geometry (SPG) model for large pore sizes usin the desorption branch
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calcination
ramp
(°C /min)

Phase at
(1200°C)c

1
10
1
10
1
10
1
10
1
10
1
10
1
10
1
10
1
10
1
10
1
10
1
10
1
10
1
10
1
10
1
10
1
10
1
10
1
10
1
10
1
10
1
10
1
10
1
10
1
10
1
10
1
10

γ
γ
γ +traceө
γ
γ
γ
γ +trace
γ +trace
γ +trace
γ +traceө
γ +trace
γ +traceө
γ +traceө
γ +traceө
γ +traceө
γ +traceө
γ +traceө
γ +traceө
γ +trace
γ +trace
γ +trace
γ +trace
γ +trace
γ +traceө
γ +trace
γ +trace
γ +
γ +
γ +trace
γ +trace
γ
γ
γ+trace
γ
γ+traceө
γ
γ
γ +
γ+traceө
γ+traceө
γ
γ
γ +trace
γ +
γ
γ+traceө
γ +trace
γ +trace
γ
γ
γ
γ
γ
γ

4.2.5

Synthesis results
Table 4.1 shows the list of experiments for the un-replicated split-plot design

experiments to produce the silica-doped alumina (SDA) catalyst supports. It shows
that all synthesized SDAs are mostly in gamma or theta phases at 1200◦ C (based on
XRD data) suggesting high thermal stability (Fig. 4.1.
4.2.6

Statistical model
The statistical prediction equations determined from the data analysis for

surface area, pore volume, and pore diameters are shown in Eqs. 4.1, 4.2, and 4.3
given below.

SAijklm = µ + Ai + Mj + w(ij)k + Dl + Cm + AMij + ADil + ACim + DClm +
AM Dijl + AM Cjml + ϵijklm (4.1)
where SAijklm is the surface area in the k th batch, prepared using the ith
level of excess alcohol and the j th level of mixture method, the l th level of drying
method and the mth level of calcination ramp. Ai is the ﬁxed main eﬀect of the
excess alcohol, Mj is the ﬁxed main eﬀect of the mixing method, and w(ij)k is the
random eﬀect of the k th batch nested in the combination of excess alcohol and mixing
method. Cm is the ﬁxed main eﬀect of drying method, Dl is the ﬁxed main eﬀect of
the calcination ramp, ϵijklm is the random subplot error term, and the other terms
in the model are interactions among the main eﬀects.

P Vijk = µ + Mi + w(i)j + Dk + ϵijk
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(4.2)

Intensity (a. u.)

2θ

2θ

Figure 4.1: XRD of SDAs calcined at 1200◦ C for 2 h.
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where P Vijk is the pore volume in the j th batch prepared using the ith level
of excess alcohol, and the k th level of drying method. Mi is the ﬁxed main eﬀect of
mixing method, Dk is the ﬁxed main eﬀect of drying method, and ϵijk is the random
subplot error term.

P Dijklm = µ + Ai + Mj + Sk + Tl + STkl + M Sjk + M Tjl + AM STijkl + wijklm (4.3)
where, P Dijklm is the large pore diameter in the mth batch prepared using
the i th level of excess alcohol, the j th level of mixing method, the k th level of mixing
seal, and the l th level of mixing time. Ai is the ﬁxed main eﬀect of excess alcohol,
Mj is the ﬁxed main eﬀect of mixing method, Sk is the ﬁxed main eﬀect of mixing
seal, Tl is the ﬁxed main eﬀect of mixing time, wijklm is the random batch eﬀect, and
the other terms in the model are interactions among the main eﬀects.
4.2.7

Inﬂuence of factors on surface area
Figure 4.2 shows that the excess alcohol usage has the largest eﬀect on the

surface area. On average, adding excess alcohol decreases surface area by 71.87
m2 /g. In addition, due to the signiﬁcant interaction between excess alcohol, drying
method, and mixing method, the change in surface area caused by adding excess
alcohol depends on both the mixing method and the drying method. Also, due to
the interaction between adding excess alcohol and the calcination ramp, the change
in surface area caused by adding excess alcohol is slightly diﬀerent depending on the
calcination ramp.
It is shown in Fig. 4.2 that adding alcohol causes a decrease in surface area in
most situations. However, when the batch is hand mixed and dried for 24 h at 100◦ C
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without sealing the drying environment, adding alcohol increases surface area from
368 m2 /g to 407 m2 /g. Also when the batch was mixed by machine and dried for
24 h at 100◦ C without sealing the drying environment, adding alcohol has very little
eﬀect on the surface area. On average the eﬀect of adding alcohol reduces surface
area when the batch was mixed by machine rather than by hand.
Figure 4.3 illustrates the dependency between the eﬀect of excess alcohol and
the calcination ramp. When the calcination ramp is 10◦ C/min, adding excess alcohol
decreases surface area by 91.3 m2 /g. However, when the calcination ramp is reduced
to 1◦ C/min adding excess alcohol only decreases the surface area by 52.4 m2 /g.
Figure 4.2 also shows that the eﬀect of drying method on surface area depends on
both the mixing method and whether excess alcohol is added. This is again due to the
signiﬁcant interaction between excess alcohol, drying method and mixing method.
4.2.8

Inﬂuence of factors on pore diameter
Figure 4.4 shows that, on average, adding excess alcohol increases pore di-

ameter by 18.6 nm. However, due to the signiﬁcant interactions, the change in pore
diameter caused by adding excess alcohol is much greater or less than 18.6 nm depending on the mixing method used and whether a sealed mixing environment was
used. In the left panel (Fig. 4.4) where no sealed mixing environment is used and
the batch is mixed by hand, adding excess alcohol increases pore diameter by about
25 nm regardless of the mixing time. On the other hand, when a sealed mixing
environment is used and the batch is mixed by hand for 30 minutes, adding excess
alcohol only increases the large pore diameter by about 5 nm. The change in pore
diameter caused by adding excess alcohol for all 8 combinations of sealed mixing
environment, mixing method and mixing time is visualized as the vertical diﬀerences
in the ends of the lines in Fig. 4.4.
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m2/g

Mixing method: H(hand mix), M(machine)
Excess alcohol: N(No), Y(Yes)
Drying method: 24h 100oC cap off (24 h drying at 100oC in unsealed mixing environment)
Drying method: 24h 25oC cap on (24 h drying at 25oC in sealed mixing environment)
Drying method: N(No)

Figure 4.2: Interaction of excess alcohol, drying method and mixing method on
surface area.
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m2/g

Excess alcohol: N(No), Y(Yes)
Calcinations ramp: 100oC /min or 1oC/min

Figure 4.3: Interaction of excess alcohol and calcination ramp on surface area.

4.2.9

Inﬂuence of factors on pore volume
As seen in Fig. 4.5, drying method has the most signiﬁcant eﬀect on pore

volume, where drying at 100◦ C in an unsealed drying environment for 24 h produces
the largest pore volume. No drying condition produces the smallest pore volume,
and there is little diﬀerence in pore volume between the other two drying conditions

110

nm

Mixing time: 15 or 30 minutes
Excess alcohol: N(No), Y(Yes)
Mixing seal: N(No), Y(Yes)
Mixing method: H(hand mix), M(machine)

Figure 4.4: Interaction between excess alcohol, mixing time, mixing seal and mixing
method on pore diameter.
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cm3/g

Drying method: 24h 100oC cap off (24 h drying at 100oC in unsealed mixing environment)
Drying method: 24h 25oC cap on (24 h drying at 25oC in sealed mixing environment)
Drying method: N(No)

Figure 4.5: Average eﬀect of drying method on pore volume.

at 25◦ C. Switching from hand mixing to machine mixing decreases pore volume on
the average by 0.157 cm2 /g (see Fig. 4.6).
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cm3/g

Mixing method: H(hand mix), M(machine)

Figure 4.6: Average eﬀect of mixing method on pore volume.

4.3
4.3.1

Discussion
Conﬁrmation of model predictions
Equations 4.1, 4.2, 4.3 and Figs. 4.2, 4.3, 4.4, 4.5, 4.6 were used to identify

seven diﬀerent optimal synthesis conditions that were predicted to produce SDA with
large or medium pore diameters, simultaneously with a large surface area and pore
volume. The seven optimal conditions were combinations of the levels or alternatives
for mixing method, environment, and time; alcohol concentration, and the drying
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Table 4.2: Trials to conﬁrm the models and predictions.
Pred.
Surface
Area

Pred.
Pore
Volume

Pred.
Pore
Diameter

100

368
368

1.87
1.87

17.23
16.51

100

388

1.71

17.88

388
368
350
350

1.71
1.87
1.71
1.71

18.09
47.33
41.96
58.43

Mix Seal

Mix Time
(min.)

Excess
Alcohol

Drying
(T/°C)

Hand

No

30

No

100

Hand

Yes

15

No

Machine

No

30

No

Mix
Method

Machine

No

15

No

100

Hand

Yes

30

No

100

Machine

No

30

Yes

100

Machine

Yes

30

Yes

100

Actual
Surface
Area
(m2/g)a
282.2

Actual
Pore
Volume
(cm2/g)a
1.5

Actual
Pore
Diameter
(nm)
18.01

414.7

2.1

18.19

375.4

1.9

46.7

381.1

1.8

20.99
48.7

340

2.5

272.8

2

45

371.7

2.4

47.9

a)Determined by N2 adsorption at 77 K
b)Determined by improved slit pore geometry (SPG) model for large pore sizes usin the desorption branch

method. Table 4.2 shows these seven optimal conditions along with the predicted
surface area, pore volume and large pore diameter at each condition. Conﬁrmation
experiments were run where a single batch of SDA was synthesized at each of the
conditions listed in Table 4.2. The surface area, pore volume and large pore diameter
for each of these batches was measured and are shown in the last three columns of
Table 4.2. The results of six conﬁrmation experiments agree with the model and
graphical predictions except for experiment 3 (Experiment 3 is not reliable since 30
minutes long mixing time in unsealed mixing environment makes particles dried and
spill out of the mixer bowl). The six experiments in agreement with the model predictions show that statistical analysis has indeed identiﬁed the important synthesis
factors that control the surface area, pore volume, and large pore diameter of SDA.
In addition it has been demonstrated that batches of SDA can be produced with
high surface areas, large pore volumes, and large (40-60 nm) or medium (16-19 nm)
pore diameters.
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4.3.2

The eﬀect of excess alcohol
The results from the statistical analysis show that using alcohol in the mixing

step has a negative eﬀect on surface area and a positive inﬂuence on the pore diameter
of SDAs (Figs. 4.2 and 4.4), which is supported by the chemistry involved in the
synthesis. Baker [37] suggested that the formation of an alumina precursor can be
viewed as a polymerization of Al(H2 O)+3
6 octahedrals. When the hydrolysis rate is
slow, this polymerization occurs in three dimensions rather than one dimension under
fast hydrolysis conditions. This is conﬁrmed by the TEM images of the SDAs. As
shown in Fig. 4.7, the primary particles of SDAs are slab like under slow hydrolysis
condition, consistent with Baker’s and Huang’s results [37, 38]. Since there are a
signiﬁcant number of hydroxyl groups on the surfaces of the alumina precursor,
excess alcohol is adsorbed on the surface planes of the bohemite crystallite (alumina
precursor) via hydrogen bonding. This reduces the surface energy of the alumina
precursor and inhibits the polymerization of the primary crystallites [39–41]. In
addition, excess alcohol enhances the mobility of the alumina precursor and avoids
pile stacking of the alumina plates. When the alcohol evaporates, an open 3Dstacking structure (or ”house of cards”) consisting of the alumina plates is formed
and large pore diameters are observed, consistent with the results of previous studies
[18, 23, 42–45]. In addition, when excess alcohol is used in combination with sealing
the Bosch mixer and increasing the mixing, the pore diameter increases further, since
sealing limits alcohol evaporation and helps maintain an alcohol rich environment
and increased mixing enables the completion of the hydrolysis reaction and hydrogen
bonding formation. Note that larger pore diameters are often observed with lower
surface area [14, 15, 23, 38, 46].
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Figure 4.7: TEM micrographs of SDA synthesized from L2 batch with no drying
condition
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4.3.3

The eﬀect of excess alcohol and calcination ramp rate
As mentioned in previous section, adding excess alcohol decreases the surface

area. In the case of a high calcination ramp rate, the surface area decreases by 91.3
m2 /g; however, when the calcination ramp rate is slow, the surface area decreases
by 52.4 m2 /g (Fig. 4.3). A slow calcination ramp rate results in slow shrinkage and
formation of the isolated small particles [47]. The isolated particles have a lower
tendency to bond to adjacent particles enabling them to grow into larger particles.
A slow calcination ramp rate also provides suﬃcient time for both the interlayer
hydroxyls and extra solvent to be removed without damaging the structure [23].
4.3.4

The eﬀect of drying
From the statistical results, it is evident that drying aﬀects the pore volume

and surface area of SDAs. Pore volume and surface area increase with drying of
the precursor compared to no control of the drying conditions, especially at higher
temperature (100◦ C) (Figures 4.2, 4.5). Drying leads to formation of further M-O-M
cross-links in the gel as covalent linkages replace weak interactions between surface
hydroxyl and alkoxy groups. This allows neighboring M-OH or M-OR groups to
approach each other and undergo a condensation reaction [47] resulting in larger pore
volumes. Solvent evaporation in the drying step produces a capillary pressure due to
the diﬀerence between the solid-vapor and solid-liquid interfacial energies [47]. When
the capillary pressure increases, liquid moves to smaller interstices (pores) with the
greatest surface to volume ratio. As a result primary particles rearrange themselves
during the drying process to form pores with similar sizes [46]. Since the solvent is
slowly evaporated when the precursor is dried at low temperature (25◦ C), there is
enough time for this rearrangement process to ﬁnish [48] and a smaller pore volume
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is observed. In contrast, when drying occurs at higher temperatures (100◦ C), the
solvent is removed much faster and the rearrangement is not completed resulting in a
larger pore volume. Maintaining drying conditions at 25◦ C with a sealed environment
for 24 h resulted in a higher surface area and larger pore volume than the unsealed
drying environment, suggesting more cross linking and reduced pile stacking of plates
due to slower alcohol evaporation.
4.4

Conclusions
The synthesis of thermally stable silica-doped alumina catalyst supports has

been studied using a split-plot full fractional factorial design. From this study, the
following conclusions can be drawn:
1. It was found that mixing method, time, and environment; calcination ramp
rate; drying temperature and environment; and alcohol concentration can alter
surface area, pore volume, and pore diameter by factors of 1.8, 1.4, and 3.3,
respectively. Large pore diameters (> 40 nm), large pore volumes (> 2 cm3 /g),
and high surface area (> 400 m2 /g) were obtained by addition of excess alcohol,
drying at 100◦ C for 24 h, and no alcohol usage, respectively.
2. The proposed quantitative models can predict optimal conditions to produce
SDAs with high surface areas (>250 m2 /g), large pore volume (>1 cm3 /g), and
large (40-60 nm) or medium (16-19 nm) pore diameters.
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Chapter 5
Acid site properties of thermally stable, silica-doped alumina
as a function of silica alumina ratio and calcination temperature
5.1

Introduction
Silica-doped aluminas (SDAs) with high surface area, porosity, thermal stabil-

ity, and with the appropriate acid site concentration and strength are ideal catalyst
supports in several industrially relevant reactions including auto emissions control,
naphtha reforming, hydrodesulfurization, hydrocracking, isomerization, polymerization, and Fischer-Tropsch synthesis (FTS), which are important in the oil reﬁning,
petrochemical, and gas-to-liquid (GTL) industries [1–5]. For example, in hydrocracking, a silica-doped alumina with a high concentration of silica may function as
the acid catalyst and the support for hydrogenation metals where the rate of isomerization and hydrocracking is proportional to the Brϕnsted acid site concentration.
By contrast, an ideal silica-doped alumina for FTS contains less than 3-5 wt% silica
to ensure that Brϕnsted acid site concentration is negligible, since acid sites contribute to methane selectivity, thereby reducing selectivity for the target liquid and
wax hydrocarbon products. In both FTS and auto emissions control, silica-doped
aluminas have superior thermal and hydrothermal stability relative to pure aluminas
or zeolites.
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In addition, silica-doped alumina supports may be preferred over zeolites in
several of the above-mentioned processes, because they (1) contain larger mesopores
which facilitate diﬀusion of reactants in and products out during reaction and (2)
their acid site concentrations and strengths are inherently lower (relative to zeolites)
and thus uniquely matched to the process chemistry for certain applications [6].
Alumina surfaces typically contain both Lewis and Brϕnsted acid sites. Adding
greater than 5-6 wt% silica to alumina leads to an interaction of the two oxides to
form additional, stronger Brϕnsted acid sites through bridged hydroxyl group formation between aluminum and silicon atoms [6–8]. It is well known that Brϕnsted
and Lewis site concentrations increase with increasing silica content or Si/Al ratio [9, 10]. Reported concentrations of Brϕnsted acid and Lewis acid sites are 300
and 700 µmol/g in 20% silica/alumina [9]. Belver et al. [11] observed that Brϕnsted
acid site concentration increases from 370 to 570 µmol/g upon addition of 40% silica
to alumina.
Methods used to investigate acid-base properties of pure alumina and silica doped aluminas include DFT calculations [12], adsorption of ammonia or pyridine examined by Fourier transform infrared spectroscopy (FTIR) [7, 13–16], base
exchange through FTIR [10, 17], SSNMR (solid state nuclear magnetic resonance)
[6, 14, 16, 18], and temperature programmed desorption (TPD) of ammonia or alkylamines [14,16,19]. In this chapter TPD of ammonia,
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Al SSNMR, and FTIR of ad-

sorbed pyridine were used to determine acid site concentration (Lewis and Brϕnsted),
acid strength, and the intrinsic Lewis acid site concentration on synthesized SDAs.
In Chapter 3 I reported a facile, solvent-deﬁcient, one-pot method for synthesis of SDAs of high porosity and excellent thermal stability. The addition of
silica in these SDAs signiﬁcantly increases thermal and hydrothermal stabilities of
the γ−Al2 O3 phase to 1200◦ C (see Fig. 5.1), while maintaining a high surface area,
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a large pore volume and a large pore diameter (see Table 5.1). Compared to a commercial SDA (Siral-5 from Sasol), after calcination for 24 h at 1100◦ C, the surface
area, pore volume, and pore diameter of SDA of equivalent silica content are higher
by 46%, 155%, and 94%, respectively. Previously studied SDAs were found to be
converted to θ−Al2 O3 and α−Al2 O3 phases of substantially lower surface area and
porosity (relative to SDAs) at calcination temperatures above 1000◦ C; moreover, the
synthesis methods involve complex, multi-step procedures and hence higher manufacturing costs [20–25]. This chapter presents acidity data for 5, 15, 27 wt% SDA
supports prepared by facile, solvent-deﬁcient method in which the γ−Al2 O3 phase is
stabilized to 1200◦ C.
While acid site properties of amorphous silica-doped aluminas have been reported as a function of Si/Al ratio (silica > 40%) in numerous previous studies, few
have examined acid site properties of SDAs as a function of dehydroxylation temperature up to 1200◦ C [17,26–29] or at low Si/Al ratios (silica < 30%) [10,11,28,29].
In this chapter I report new results from a comprehensive study of the Brϕnsted
and Lewis acid site properties of SDAs prepared by a solvent deﬁcient hydrolysis
of the organo-oxides of silicon and aluminum as a function of both Si/Al ratio (0
to 27% silica) and dehydroxylation temperature from 700 to 1200◦ C. The results
indicate that the total acid site concentration decrease from 236 µmol/g at 700◦ C
to 48 µmol/g at 1200◦ C, in 5% silica, without collapse of the porous structure or
transformation to θ−Al2 O3 and α−Al2 O3 , properties which are unique to the SDAs
of this study.
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Table 5.1: BET results of 0-5-15-27% SDAs calcined at diﬀerent temperatures for
2h.

Silica
%

5%

15%

27%

Thermal
treatment
Temperature
(°C/2 h)
700°C
900°C
1100°C
1200°C
700°C
900°C
1100°C
1200°C
700°C
900°C
1100°C
1200°C

BET
surface
area
(m2/g)a
377.7
299.9
159.2
110.7
222.5
180.5
145.9
99.59
195.1
143.3
100.5
65.0

Mesopore
volume
(cm3/g)a

Pore
diameter
(nm)b

1.83
1.60
0.99
0.59
1.40
1.10
0.96
0.66
1.0
0.89
0.57
0.33

14.7 and 35.0
19.8 and 51.8
22.5 and 52.0
29.4
43.10
39.17
33.59
31.15
51.60
51.30
45.39
48.60

a. Determined by N2 adsorption at 77K.
b. Determined by improved slit pore geometry (SPG) model for large pore size using
desorption branch.

5.2
5.2.1

Experimental
Material
Aluminum isopropoxide (C9 H21 O3 Al) (granular, 98+%) and tetraethyl or-

thosilicate (SiC8 H20 O4 ) (liquid, 99.9%) (TEOS) were purchased from Alfa-Aeser.
Pyridine (C5 H5 N) was purchased from EMD with grade of (99 wt. %). To ensure
an anhydrous environment, pyridine was dried over molecular sieves for 24 h.
5.2.2

Synthesis method
Thermally stable SDAs were synthesized via a simple one-pot solvent deﬁcient

method that involves mixing aluminum isopropoxide (AIP) and water at a 5:1 mole
ratio of water to AIP, followed by addition of TEOS (equivalent to 5 wt% silica) and
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(a)

(b)

(c)

(d)

SDA: Silica-doped alumina

Figure 5.1: XRD patterns of diﬀerent aluminas calcined at diﬀerent temperatures
for 2 h. (a) Pure alumina, (b) 5% SDA, (c) 15% SDA, (d) 27% SDA. Standards: 1)
Gamma alumina. 2) Alpha alumina. 3) Theta alumina. 4) Mullite.

water at a 2:1 water to TEOS mole ratio. This precursor was mixed for 30 minutes
with a Bosch Universal Mixer (model: MUM6N10UC) and followed by calcination
at 700, 900, 1100, and 1200◦ C for 2 h each with 5 h ramp rates. Samples with 15 and
27 wt% of silica were also prepared using the same method. Details of the synthesis,
characterization, and optimization of these silica-doped aluminas have been discussed
in Chapters 3 and 4.
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5.3
5.3.1

Characterization
Silica-doped aluminas
The SDAs prepared by solvent-deﬁcient hydrolysis of aluminum isopropoxide

with TEOS were analyzed by powder X-ray diﬀraction (XRD) using a PANalytical
X’Pert Pro diﬀractrometer with a Cu Kα X-ray source (λ = 1.5418 Å) operated at
45 kV and 40 mA. Scans were performed between 10◦ and 90◦ 2θ with a step size
of 0.0167◦ at a rate of 0.013◦ s−1 . Nitrogen adsorption measurements were carried
out using a Micromeritics Tristar 3020 for the determination of surface properties at
−196◦ C. The surface areas of SDAs were calculated using the Brunauner-EmmettTeller (BET) model in the P/P0 range from 0.05 to 0.20. Pore volumes were determined at a single point of P/P0 equal to 0.990. Pore size distributions were calculated
using an improved slit pore geometry (SPG) model for large pore sizes [30]. Samples were degassed at 200◦ C under N2 ﬂow overnight before every measurement. A
commercial 5 wt% silica doped alumina (Siral-5) used for comparative purposes, was
obtained from Sasol (Sasol North America Inc.).
5.3.2

Acidity measurements
Total acid site concentrations were determined by TPD in a system equipped

with a Pfeiﬀer Vacuum ThermoStar mass spectrometer. Approximately 100 mg
of sample was heated overnight to remove water. A sample was degassed in-situ
at 550◦ C for 1 h under a helium ﬂow of 30 sccm (standard cubic centimeters per
minute). The sample was cooled to an adsorption temperature of 100◦ C. After 1 h
of NH3 adsorption, it was switched to He to remove any physisorbed ammonia. The
sample was then heated to the desorption temperature of ammonia (500◦ C [31]) with
10 sccm He ﬂow at a ramp rate of 5◦ C/min. Spectra were obtained in the form of
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µmol/L of desorbed species versus temperature. The amount of desorbed ammonia
was assumed to be equivalent to the total concentration of acid sites (Brϕnsted
and Lewis). Mass spectrometry was also used to verify that the desorbed molecule
m/e=17 was ammonia.
To measure the Brϕnsted acid site concentrations speciﬁcally, IR transmission measurements were performed using a Nicolet 6700 Fourier transform infrared
spectroscopy (FTIR-Thermo scientiﬁc) controlled using OMNIC software. A total
of 120 scans were collected for each spectrum with a resolution of 6 cm−1 . Each
spectrum was recorded at room temperature. KBr and the sample powders were
heated at 350◦ C for 1 h before use. 200 mg of sample was exposed to pyridine vapor
under helium ﬂow in a quartz apparatus at 200◦ C for 30 minutes, [28] and then the
physisorbed pyridine was desorbed at the same temperature under He ﬂow for 1 h
using a helium ﬂow of 25 sccm at atmospheric pressure. The temperature was then
lowered to 25◦ C using a cooling rate of 10◦ C/min. The chemisorbed pyridine SDA
sample in KBr was placed in the FTIR sample cup after which the FTIR spectra of
samples were collected. These measurements were carried out in air, however to address the possible loss of pyridine that might occur due to adsorption of oxygen, the
FTIR spectra for the chemisorbed pyridine samples were measured after 1, 10, and
30 minutes sitting in the air. The peak intensities (relative to pyridine adsorption)
did not change over this 30 minute time period.
To measure the intrinsic Lewis acid site concentrations, solid state

27

Al magic

angle spinning nuclear magnetic resonance (MAS NMR) spectra were obtained on a
Bruker Avance III 600 (14.6 T) instrument using a 4 mm broadband MAS probe.
All spectra were obtained at 25◦ C, at a spinning speed of 12.5 kHz, using a single
pulse Bloch decay, with high power 1H TPPM decoupling. A pulse length of π/12 was
utilized to improve quantiﬁcation. The 27Al NMR chemical shift was referenced to the
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secondary standard 1M Al(H2 O)+
6 in water (δ = 0.0 ppm). Spectral simulations and
deconvolutions were performed using DMFIT and utilized the Czejeck distribution
of the quadrupolar interaction [32] to model the
5.4
5.4.1

27

Al line shape.

Results
Silica-doped alumina physical properties
Figure 5.1 shows XRD patterns for pure alumina and three silica-doped alu-

mina (SDA) samples after calcination at 700, 900, 1100 and 1200◦ C. For the pure
alumina sample only α-Al2 O3 is observed at 1200◦ C (Fig. 5.1a). In contrast, mostly
the γ-Al2 O3 phase is observed for 5, 15, 27% silica/alumina samples, respectively
(Fig. 5.1b,c,d).
Table 5.1 shows surface areas, pore volumes, and pore diameters for pure
alumina and the three silica-doped alumina samples, calcined at 700, 900, 1100 and
1200◦ C. The surface area and pore volume of the pure alumina decreases sharply
by 89 and 100% respectively with increasing calcination temperatures from 1100
to 1200◦ C; however, with the addition of silica the surface area and pore volume
decrease substantially less, e.g. for 5 wt% silica/alumina surface area and pore
volume decrease by only 30 and 40% respectively. The origin of the increased thermal
stability of silica-doped alumina was discussed in detail in Chapter 3.
5.4.2

Acid site properties
Temperature programmed desorption (TPD) of ammonia [35] was used for a

quantitative determination of the total acid site concentration (Brϕnsted and Lewis)
on SDAs with 0, 15, and 27% silica ratios and calcined for 2 h at 700, 900, and
1100◦ C (Fig. 5.2). The TPD results (shown in Table 5.2) show that the total acid
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Table 5.2: The Brϕnsted and Lewis acid site concentrations reported in this work
and in previous studies. S1 = [33], S2 = [9], S3 = [34], S4 = [11], and S5 = [17].
Pretreat T
(oC)
Sample ID

5% SDA

15% SDA

27% SDA
3% SAS1
5% SAS2
15% SAS2
27% SAS2
50% SAS3
80% SAS3
40% SAS4
80% SAS4
40% SAS5
40% SAS5

700
900
1100
1200
700
900
1100
1200
700
900
1100
1200
600
500
500
500
550
550
550
550
550
900

Total acid Brønsted acid Lewis acid
XRD
site conc.
site conc.
site conc.
at 1200oC
TPD
FT-IR
FT-IR
µmol/g
µmol/g
µmol/g
236
52
183
162
Gamma and
trace theta
48
0
0
0
490
122
367
412
Gamma
318
0
0
0
528
120
408
Gamma and
427
trace
229
mullite
0
0
0
0
400
0
300
500
0
500
550
50
700
27
144
76
116
570
740
190
200
-

SDA: silica-doped alumina
SA: silica-alumina

site concentration decreases in the order 27 > 15 > 5% silica at 700 and 900◦ C;
however, at 1100◦ C, the total acid site concentration decreases in the order 15 > 27
> 5%. Table 5.2) also shows that the total acid site concentration decreases with
increasing calcination temperature for 5, 15, and 27% SDA samples calcined at 700,
900, and 1100◦ C for 2 h with 5 h ramp rates.
Solid state 27Al MAS NMR spectra for 5, 15, and 27% silica after pretreatment
in air at 700 to 1200◦ C (Fig. 5.3) show an Al(VI) environment at δ ∼ +5 ppm, a
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ﬁve-coordinated Al(V) site at δ ∼ +33.2 ppm and a tetrahedral site Al(IV) at +58
ppm [36, 37]. The ﬁve and six coordinated aluminums are assigned to strong Lewis
and non-Lewis acid sites, respectively [12, 38, 39]. The relative concentration of the
Al(V) increases as silica content increases in the 5 < 15 < 27% samples calcined at
700 and 900◦ C; however the relative concentration of Al(V) is ∼ 0% at 1100◦ C and
1200◦ C in the 5, 15 and 27% samples. Thus, the concentration of strong Lewis acid
sites decreases with increasing calcination temperature and is essentially zero after
calcination at 1100 and 1200◦ C.
FTIR data can provide relative concentrations of Brϕnsted and Lewis acid
sites. Peaks in the range of 1516-1568 cm−1 and 1432-1467 cm−1 are attributed to
Brϕnsted and Lewis sites, respectively [28, 40–42], but the peak around 1490 cm−1
cannot be assigned to a single site [28]. The concentrations of Brϕnsted and Lewis
acid sites per gram of sample were estimated from the absorption peak intensity
ratios, multiplied by the total acid concentration measured by the ammonia-TPD [9].
From the FTIR data (Fig. 5.4b) an increase in the intensity of peaks assigned to
Lewis and Brϕnsted acid sites on SDAs increases with increasing Si/Al ratio at
700◦ C; however, neither Lewis and Brϕnsted acid site peaks are observed at 1200◦ C.
Brϕnsted acid site concentrations are approximately 52, 122, and 120 µmol/g for 5,
15, and 27% at 700◦ C, respectively. Lewis acid site concentrations are approximately
183, 367, and 408 µmol/g for 5, 15, and 27% at 700◦ C, respectively (Table 5.2).
5.5

Discussion
The results of this study include new data showing for the ﬁrst time total,

Brϕnsted, and Lewis acid site concentrations for (1) SDAs containing less than 30%
silica and (2) thermally stable SDAs calcined from 700 to 1200◦ C. Previous papers
[34, 35, 43] covered only high silica contents, i.e. silica > 40% or low silica contents
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Figure 5.2: Ammonia-TPD measurements of diﬀerent SDAs calcined at diﬀerent
temperatures for 2 h. a) 5% SDA. b) 15% SDA. c) 27% SDA.
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(silica < 30%) at low temperature (500◦ C) (see Table 5.2) and showed a strong
correlation of increasing acid site concentration with increasing Si/Al ratio for SDAs
at low temperatures. The data show that this correlation extends to low silica
compositions below 30% silica and at high temperatures.
5.5.1

Relationship between acid site concentrations and silica content
The ammonia-TPD data (Fig.

5.2 and Table 5.2) show that total acid

site concentrations (Brϕnsted and Lewis) decrease in the order 27 > 15 > 5% at
700 and 900◦ C and is consistent with previously reported data at higher Si/Al ratios [34, 35, 43]. Low wt% silica doped alumina supports are favorable in many
applications such as auto emission [2]. In addition, in a low Si to Al ratio support,
Si enters tetrahedral vacancies in the defect spinel structure of alumina and stabilize
the γ-Al2 O3 phase (without mullite phase formation) to 1200◦ C. From the Brϕnsted
acid site concentrations of other studies (Table 5.2), a trend is evident for calcination
temperatures between 500-600◦ C where the Brϕnsted site concentration decreases to
zero at low wt% Si; indeed, two previous studies report Brϕnsted acid site concentrations of zero for 3, 5, and 15% silica at low temperatures (500-600◦ C). However, the
rates of some catalytic reactions such as isomerization and hydrocracking are proportional to the Brϕnsted acid site concentration. Perhaps the activity for Brϕnsted
acid catalyzed reactions may also be close to zero. In contrast to previous studies,
the Brϕnsted acid site concentrations of 5, 15, and 27% silica after calcination at
700◦ C reported here are not zero and only at high temperatures (1200◦ C) do the
Brϕnsted acid site concentrations go to zero.
Figure 5.2 also shows that 5% SDA samples calcined at 700, 900, and 1100◦ C
have no desorption peak above 370◦ C; however the 15% and 27% SDA samples
calcined at 700, 900, and 1100◦ C have a desorption peak above 370◦ C. The shift of
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Sample ID
Pure alumina
5% SDA

15% SDA

27% SDA

Thermal
treatment
Temperature
T°C / 2h
700
1200
700
900
1100
1200
700
900
1100
1200
700
900
1100
1200

Al(IV) %

Al(V) %

Al (VI) %

25
1
25
27
32
32
25
32
36
31
24
27
31
31

2
<1%
3
1
<1%
<1%
36
4
<1%
<1%
44
19
<1%
<1%

73
99
72
72
68
68
39
64
64
69
32
54
69
69

SDA: silica-doped
ca-doped alumina

700oC

1200oC

Figure 5.3: The 1D 27Al MAS NMR spectra and relative compositions of 5-15-27%
SDAs calcined at 700-1200C.
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Transmittance

Transmittance

Transmittance

Wavenumber cm-1

Wavenumber cm-1

Wavenumber cm-1

Absorbance

Absorbance

(a)

Wavenumber cm-1

Wavenumber cm-1

(b)

Figure 5.4: (a) IR transmittance spectra recorded after pyridine adsorption on 5-1527% SDAs calcined at 700◦ C, (b) Absorption spectra after pyridine adsorption of 5,
15, 27% SDAs calcined at 700◦ C and 1200◦ C (in the range: 1432-1467 cm−1 (Brϕnsted
sites) and 1516-1568 cm−1 (Lewis sites)).

the peak to a higher desorption temperature indicates an increase in acid strength
of these sites [35].
Solid state

27

Al MAS NMR spectra (Fig. 5.3) show that the relative concen-

tration of the Al(V) increases as silica content increases in the order 5 < 15 < 27%
for samples calcined at 700 and 900◦ C. The presence of Al(IV) and Al(V) are linked
to weak and strong Lewis acid sites, respectively [38]. It has also been reported that
the Lewis acid is stronger in highly unsaturated Al3+ sites (4- and 5-coordinated
aluminum) and 5-coordinated aluminum is the strongest Lewis acid [12, 39]. The
relative concentration of Al(V) is 3, 36, and 44% in 5, 15, and 27% SDA samples,
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respectively, consistent with the result from the ammonia-TPD data (Fig. 5.2 and
Table 5.2).
The FTIR data (Fig. 5.4b and Table 5.2) shows that the absorbance intensity
of peaks assigned to Brϕnsted and Lewis acid sites increased for the 5, 15, and 27%
silica samples calcined at 700◦ C. The increase in the Brϕnsted acid concentration is
largely due to bridged hydroxyl groups formation of Si-(OH)-Al [43].
Daniell et al. reported that two separate silica and alumina phases are observed in commercial 5% silica-doped alumina sample (Siral-5 from Sasol) [43]. In
contrast, I have recently shown that 5% silica-doped alumina using solvent deﬁcient
method has a single alumina-silica phase and no separate silica phase [44]. The
silica-alumina phase in the proposed SDA structure (discussed in Chapter 3) has
5-coordinated aluminum attributed to strong Lewis acid sites (see Fig. 5.3). In
addition, the high charge and small Si radii can polarize OH to H+ , a process that
can form stronger Brϕnsted acid sites. I suggest that the absence of a silica phase
decreases the Brϕnsted acid site concentration and the presence of the alumina-silica
phase increases the Lewis acid site concentration of 5% SDA compared to Siral-5.
5.5.2

Relationship between acid site concentrations and calcination temperature
Since previously published data indicate that the surface of silica doped alu-

mina consists of silicon and aluminum oxides and since others have also shown new
types of sites on amorphous alumino-silicates, e.g. Brϕnsted acid sites in the form
of pseudo-bridging silanols [8, 45], it is unclear to what extent the acid properties
of dilute silica-doped alumina will be similar to those previously reported for alumina [4,45,46]. The combination of TPD, FTIR, and NMR data of the present study
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provides new perspectives into the eﬀects of dehydroxylation (calcination) temperature on the types and concentration of acid sites for silica-doped alumina.
(1) From ammonia-TPD data, the total acid site concentration (sum of Brϕnsted
and Lewis acid sites) decreases for 5, 15, and 27% SDA samples (Fig. 5.2 and table
5.2) with increasing calcination temperature in the order of 700 < 900 < 1100◦ C.
(2) From the FTIR data (Fig. 5.4b and table 5.2), peak intensities of pyridine
adsorbed onto both Brϕnsted sites (1516-1568 cm−1 ) and Lewis sites (1432-1467
cm−1 ) decrease as the calcination temperature is increased from 700 to 1200◦ C for
the 5, 15 and 27% silica samples. Moreover, Lewis and Brϕnsted acid site peaks are
not observed, i.e., concentrations are negligible, after calcination at 1200◦ C.
(3) From the
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Al NMR data (Fig. 5.3), 5-coordinated aluminum decreases

from 700 to 1200◦ C in the 5, 15 and 27% silica samples. Aluminum atoms are
mostly located in an octahedral environment Al(VI) at 1100 and 1200◦ C, suggesting
the reduction of the Lewis acid site concentration [11].
Observations 1 and 2 indicate that diminishing O-H stretches corresponding
to diminishing Lewis and Brϕnsted acid sites with increasing calcination temperature
are correlated with removal of total acidity measured by ammonia adsorption for the
dilute silica/aluminas of the present study. Observations 2 and 3 conﬁrm a strong
relationship between strong Lewis acid sites and 5-coordinated alumina for dilute
silica/aluminas similar to that observed in previous studies of alumina [12, 38, 39].
Accordingly, the dilute silica/aluminas of this study have acid properties similar to
those of gamma alumina.
Lowering the Lewis and Brϕnsted acid site concentrations is critical in a
number of catalytic applications, and the results of this study indicate that acid
site concentrations of dilute silica/aluminas can be substantially lowered by high
temperature calcination and at suﬃciently high temperature (e.g. 1200◦ C) reduced
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to zero. It is evident from previous work that aluminas and even some silica-doped
aluminas could not be calcined above 1000◦ C due to decreases in surface area and
porosity to unacceptably low values due to the α−Al2 O3 to θ−Al2 O3 transition. In
contrast, the dilute-silica SDAs of this study retain the γ−Al2 O3 phase, high surface
area, large pore volume with production of uniquely large pores to temperatures as
high as 1200◦ C, thus enabling removal of most or all of the surface hydroxyl groups
associated with acid sites.
5.6

Conclusions
The acid site concentration (Brϕnsted and Lewis), intrinsic Lewis acid sites,

and the acid site strength of thermally stable silica-doped alumina is controlled by
changing the Si ratio (0 to 27%) and calcination temperature (700 to 1200◦ C) parameters while maintaining high surface areas, large pore volumes, and large pore
diameters. The total acid site concentration (Lewis and Brϕnsted), intrinsic Lewis
acid concentration, and acid strength are increased by increasing higher mole ratio
of Si/Al. In addition, due to the high calcination temperature most of the acid
sites (Lewis and Brϕnsted) are removed from SDA samples, which are ideal catalyst
supports for Fischer-Tropsch synthesis.
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Chapter 6
Generalized preparation method and characterization of aluminum isopropoxide, aluminum phenoxide, and aluminum nhexyloxide
6.1

Introduction
Metal alkoxides are used to make Al2 O3 (alumina) catalyst supports for a

wide range of applications, including hydrocracking and Fischer-Tropsch (FT) catalysis [1–4]. Unlike metal nitrates and chlorides, metal alkoxides are easily puriﬁed;
they hydrolyze to produce hydrated oxides with no anionic contaminations [4]. Properties of alumina, notably surface area and pore size, depend on a number of factors,
including the nature of the aluminum alkoxide starting material [5–7]. Since the
identity of parent alkoxide inﬂuences the catalytic properties of the alumina support, it is important to develop an eﬃcient method to synthesize diﬀerent aluminum
alkoxides.
The physical properties of metal alkoxides vary with the electronegativity
and coordination number of the metal, as well as the nature of the attached alkyl
group [4], where the identity of the parent alcohol inﬂuences the electronic and steric
properties of the alkoxide. This, in turn, modiﬁes the structure of the corresponding
alkoxide [5].
Many studies have been performed focusing on the preparation of alumina
with selected properties such as particle size, surface area, pore volume, and pore
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diameter, using aluminum isopropoxide [3, 8–12], aluminum sec-butoxide [3, 13–15],
aluminum ethoxide [3], and aluminum phenoxide [5]. We have previously [16, 17]
designed nano alumina supports with high surface areas (150 to 350 m2 /g) and
large pore sizes (13 to 20 nm) using various aluminum alkoxides. Here I report a
generalized method to synthesize aluminum alkoxides, which can be employed as
starting materials for the production of alumina based catalyst supports.
Aluminum alkoxides contain acceptor and donor centers and exist as monomers,
dimers, trimers and tetramers with various coordination numbers (Fig. 6.11). The
oligomerization is inversely depended on the steric demand of the R group attached to
the oxygen [5]. Al+3 can form four-, ﬁve-, and six-coordinated complexes. The structure of aluminum ethoxide is polymeric, containing ﬁve-coordinated aluminum [18].
Aluminum tert-butoxide is dimeric containing aluminum with a coordination number
of four [18]. Aluminum isopropoxide exists as a trimer in freshly prepared samples or
as a tetramer in aged samples [18,19]. The coordination numbers of aged AIP can be
six and four [20]. Aluminum phenoxide has been reported to be a trimer containing
aluminum with coordination numbers of four and ﬁve [21]. Diﬀerent coordination
numbers of aluminum are also reported in di-, tri-, tetra-, and polynuclear aluminum
alkoxides [5, 22–25].
Aluminum alkoxides can be produced without using a catalyst, but the reaction rates are very slow and thus aluminum alkoxides are more eﬃciently formed
using three equivalents of anhydrous alcohol with one equivalent of metal in the
presence of 1 mol% HgCl2 as catalyst Eq. 6.1.
0.01HgCl

2
Al + 3ROH −−−−−→
Al(OR)3 + 32 H2
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(6.1)

This reaction has been widely used to make simple alkoxides, including aluminum isopropoxide and aluminum ethoxide. In these cases, this route has become
a well-known industrial process [2, 2, 4, 7, 26]. Tomar and Yoo [2, 5] recently reported
approaches to aluminum phenoxide and aluminum isopropoxide through this process
as well.
The surface of elemental aluminum is covered by a oxide layer, thus it is
thought HgCl2 will activate this surface and accelerate the reaction kinetics [7]. The
HgCl2 initially reacts with aluminum to produce the Al+3 ion, which then reacts with
the alcohol to form the alkoxide adduct. I have optimized the process by lowering
the reaction time and the concentration of HgCl2 to obtain improvements in yield,
which now allows for a complete characterization of these useful products. Optimum
conditions include use of excess alcohol and a lower amount of mercuric chloride
catalyst [2, 5, 7, 20].
This chapter reports a generalized preparation and characterization of divergent aluminum alkoxide structures including aluminum isopropoxide (R=C3 H7 ), aluminum phenoxide (R=C6 H5 ), and aluminum n-hexyloxide (R=C6 H13 ). Notably, the
approach allows for the ﬁrst generalized synthesis and characterization of aluminum
n-hexyloxide. Synthesis of aluminum n-hexyloxide from 1-hexanol is signiﬁcant in
that this alkoxide possesses low water, high stability, and eﬃcient reactivity for the
production of aluminum oxide nanomaterials. I selected aluminum isopropoxide,
aluminum phenoxide, and aluminum n-hexyloxide, as a general representation of
steric bulk since the A-values of attached alkyl groups are diﬀerent for each group.
Isopropyl=2.15 Kcal/mol, phenyl=2.7 Kcal/mol, ethyl (analogue of n-hexyl)=1.75
Kcal/mol [27]. The eﬀect of ligand environment on the physiochemical properties of
aluminum alkoxides inﬂuences the properties of the alumina [3,10,28]. The structure
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and properties of aluminas produced from these aluminum alkoxides with diﬀerent
steric characteristics can now be produced and studied using the reported method.
6.2
6.2.1

Experimental
Materials
The aluminum n-hexyloxide (AH) was prepared from the reaction of alu-

minum (granular, Spectrum, 99.6%) and 1-hexanol (anhydrous, Alfa-Aesar, 99.0%)
in the presence of HgCl2 (Fisher, 100.0%) as a catalyst. Aluminum phenoxide (APh)
was prepared from aluminum (granular, Spectrum, 99.6%) and phenol (detached
crystals, Alfa-Aesar, >99%) in the presence of HgCl2 (Fisher, 100.0%) as catalyst and
dried THF (EMD, 99.99%) as solvent. Aluminum isopropoxide (AIP) was prepared
from aluminum (granular, Spectrum, 99.6%) and isopropyl alcohol (Sigma-Aldrich,
>99.8%) in the presence of HgCl2 (Fisher, 100.0%) as catalyst. HNO3 (EMD, 70%Omni Trace) was used to dissolve samples for ICP-MS experiment.
6.2.2

Equipment
AH, AIP and APh were characterized by IR, NMR, ICP and elemental anal-

ysis. To obtain IR spectra, nujol mulls of the solid alkoxides were analyzed with a
Nicolet (Avatar 360) spectrophotometer. Elemental analysis was performed (Galbraith Laboratory) for AH, APh and AIP separately using a C, H, O combustion
method. The structure of the synthesized aluminas were determined by powder Xray diﬀraction (XRD) using a PANalytical X’Pert Pro diﬀractrometer with a Cu Kα
X-ray source (λ = 1.5418 Å) operated at 45 kV and 40 mA. Scans were performed
between 10◦ and 90◦ 2θ with a step size of 0.0167◦ at a rate of 0.013◦ s−1 . The Scherrer formula was used to estimate crystallite size [29]. 1H NMR,
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13

C NMR and

27

Al

NMR were collected on a Varian NMR-S 500MHz instrument using a pfg-enabled
dual-broadband probe. The 1H NMR, gCOSY,

13

C NMR, and

27

Al NMR spectrum

of AIP, and AH were recorded with benzene-d6 as solvent. The spectrum of APh was
recorded with DMSO-d6 and methanol-d4 as solvent. All samples were prepared and
measured at ambient temperature 25◦ C. I used ICP-MS (Elan 6000, Perkin Elmer)
to determine levels of Hg impurity of synthesized alkoxides. A standard method,
TotalQuant, was used to measure concentration of mercury in samples. 2% nitric
acid was used to dilute and dissolve the alkoxides followed by 30 minutes sonicating using Branson 1510 sonicator. Nitrogen adsorption measurements were carried
out using a Micromeritics Tristar 3020 for the determination of surface properties
at −196◦ C. Surface area was calculated using the Brunauner-Emmett-Teller (BET)
model in the P/P0 range from 0.05 to 0.20. Samples were degassed at 200◦ C under
N2 ﬂow overnight before every measurement.
6.3
6.3.1

Synthesis
General procedure
To ensure an anhydrous environment, solvent and alcohols were dried over

molecular sieves. The ﬂask was ﬁtted with a condenser and a CaCl2 tube. A sand
bath and heat regulator were used to provide homogenous heating for the reactions.
One mole of aluminum was treated with excess alcohol in the presence of catalytic
mercuric chloride (0.001 mole) and reﬂuxed. Vacuum distillation was applied to
remove un-reacted alcohol and solvent in the case of APh and un-reacted alcohol in
the case of AIP and AH. AIP was puriﬁed by further vacuum distillation. However,
APh and AH were collected without further vacuum distillation since they were
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Table 6.1: Synthesis conditions to produce APh, AH, and AIP.

Product

Aluminum
mole

APh

1

AH

1

AIP

1

Alcohol
mole
4.3
(Phenol)
7.9
(Hexanol)
8.3
(Isopropanol)

HgCl2
mole

Reflux
time (h)

Solvent

0.001

24

THF

0.001

11

-

0.001

9

-

shown to decompose upon heating. Experimental conditions to synthesize aluminum
alkoxides are shown in Table 6.1.
6.3.2

Synthesis of aluminum n-hexyloxide (AH)
Al (1 mole) was added to excess 1-hexanol (7.9 mole) and (0.001 mole) HgCl2

in a ﬂask. The mixture was reﬂuxed for 11 h under N2 atmosphere with stirring then
the solution was allowed to cool overnight without stirring. Since AH decomposed
on vacuum distillation, it was collected from the top layer of the ﬂask and vacuum
ﬁltered with a Buchner funnel using ﬁlter paper (Fisher, P4 ).

1

H NMR (C6 H6 ): δ

0.8 (t, 3H, JCH = 6.97, 7.22 Hz, CH3 ), 1.1 (m, 6H, CH2 ), 1.3 (m, 2H, CH2 ), 3.2
(m, 2H, CH2 ).

13

C NMR (C6 H6 ): δ 13.87 (s, CH3 ), 22.64 (s, CH2 ), 25.44 (s, CH2 ),

31.62 (s, CH2 ), 32.77 (s, CH2 ), 62.34 (s, CH2 ).

27

Al NMR (C6 H6 ): δ 56.5 (s, 4 or 5

coordinated Al). XRD (γ-alumina at 1000◦ C): 2θ 25.7, 35.2, 37.9, 43.5, 52.6, 57.6,
60.1, 61.5. IR (Nujol, Al-O-C, cm−1 ): 1055.80 cm−1 .
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6.3.3

Synthesis of aluminum phenoxide (APh)
Al (1 mole) was added to excess phenol (4.3 mole), in 2 liter dried THF

(solvent) and (0.001 mole) HgCl2 in a ﬂask [5]. The mixture was reﬂuxed for 24 h
under a N2 atmosphere with stirring. Solvent and alcohol were removed by vacuum
distillation. Aluminum phenoxide was not extracted by further vacuum distillation
since it decomposes on heating and was collected from the ﬂask [5]. 1H NMR (DMSO
and methanol): δ 6.73 (m, 3H, CH), 7.12 (m, 2H, CH).

13

C NMR (DMSO and

methanol): δ 115.55 (s, 2H, CH), 119.22 (s, 2H, CH), 129.77 (s, 1H, CH), 157.63 (s,
qC).

27

Al NMR (DMSO and methanol): δ 56.5 (s, 4 or 5 coordinated Al). XRD (γ-

and α-alumina at 1000◦ C): 2θ 25.7, 35.2, 37.9, 43.5, 52.6, 57.6, 60.1, 61.5, 19.5, 32,
37.7, 39.5, 45.8, 60.5. IR (nujol, Al-O-C, cm−1 ): 1070.75 cm−1 .
6.3.4

Synthesis of aluminum isopropoxide (AIP)
Al (1 mole) was added to excess isopropyl alcohol (8.3 mole) and (0.001 mole)

HgCl2 in a ﬂask. The mixture was reﬂuxed for 9 h under N2 atmosphere with stirring.
Afterward, vacuum distillation was applied to remove the un-reacted alcohol. Further
vacuum distillation was applied to collect the viscous AIP from the ﬂask. Freshly
prepared AIP was aged to a white powder after two days. 1H NMR (C6 H6 ): δ 0.92
(d, 3H, JCH = 4.39 Hz, terminal-CH3 ), 1.66 (d, 6H, JCH = 6.23 Hz, bridge-CH3 ),
4.4 (h, 2H, terminal-CH), 4.6 (h, 2H, bridge-CH).

27

Al NMR (C6 H6 ): δ 56.5 (s, 4

coordinated Al), 3.5(s, 6 coordinated Al). XRD (γ alumina at 1000◦ C): 2θ 25.7,
35.2, 37.9, 43.5, 52.6, 57.6, 60.1, 61.5. IR (nujol, Al-O-C, cm−1 ): 1033 cm−1 .
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6.3.5

Synthesis of nanosized alumina
The auminas were prepared via a facile solvent deﬁcient method [6] that in-

volves mixing aluminum alkoxide and water at a 5:1 mole ratio of water to aluminum
alkoxide. This precursor was mixed for 30 minutes followed by a thermal treatment
at 550◦ C and 1000◦ Cfor 2 h each with 5 h ramps. The Al(OH)3 precursor decomposes leading to the formation of water and nano crystalline Al2 O3 and all of the
byproducts are released as gases.
6.4

Results and Discussion
Since aluminum alkoxides are sensitive to trace amounts of water and de-

compose to alcohol and water, all steps were performed under an inert nitrogen
atmosphere. Reaction times and reactant concentrations were varied to improve the
yields. Aluminum n-hexyloxide was obtained in 95% yield. Aluminum phenoxide
was synthesized in 90-95% yield and aluminum isopropoxide was produced in 95%
yield. Some alkoxides (such as AH and APh) decompose without melting at high
temperature but others can sublime without decomposition (such as AIP) [5].
6.4.1

FTIR
Figure 6.1 shows the FT-IR spectra for AIP, AH, and APh. The absorption

peaks in IR spectra conﬁrm conversion of the alcohol peak around 3500 cm−1 to
alkoxide peaks. The Al-O-C bond stretch of aluminum alkoxides appears at 10301080 cm−1 and the Al-O-Al bond shows absorption between 945 to 980 cm−1 as
reported earlier [2, 5, 30].
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(a)

(b)

(c)

Figure 6.1: IR spectra of (a) aluminum n-hexyloxide and 1-hexanol, (b) aluminum
phenoxide and phenol, and (c) aluminum isopropoxide and 2-propanol.
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6.4.2

NMR
The aluminum n-hexyloxide 1H NMR (Figure 6.2a) spectrum shows a triplet

at 0.8 ppm due to a methyl group (C6 ), a multiplet at 1.1 ppm due to (C4 ,C5 ,C3 ),
a multiplet at 1.3 ppm due to C2 and a doublet of a triplet at 3.2 ppm due to
C1 attached to oxygen. The triplet appearing at 0.47 ppm was unexpected. Both
the J-splitting in the 1H NMR and the cross-peaks in the gCOSY show that these
peaks are correlated with the signal at 3.2 ppm (Figures 6.2, 6.3). Given the relative
intensity of 2:1 and the fact that this is coupled with C1 suggests that there is a
hydrogen attached to the oxygen of each alkoxide. This is not a signal from water
as that appears at 0.41 in benzene-d6 and water would not show J-coupling to the
methylene at C1 . This is also not free 1-hexanol in solution; as Figure 6.2b compares
aluminum n-hexyloxide and 1-hexanol in benzene-d6. The C1 , C2 and C3 hydrogens
of aluminum n-hexyloxide are clearly shifted upﬁeld due to the interaction of the
oxygen atom with the aluminum. Furthermore, the alcohol peak in 1-hexanol is
shifted approximately 3 ppm downﬁeld relative to the hydroxyl peak in aluminum
n-hexyloxide. Aluminum n-hexyloxide

13

C NMR shows peaks at 13.87, 22.64, 25.44,

31.62, 32.77 and 62.34 ppm corresponding to all six carbons in the alkyl chain (Figure
6.4).
The aluminum phenoxide 1H NMR showed two peaks with relative intensities
of 3:2 at 6.73 and 7.12 ppm, respectively. The signal at 6.73 ppm corresponds to
the meta C3 and para C4 hydrogens. 7.12 ppm corresponds to the ortho C2 which
is consistent with previously reported spectra [5]. Signals at 2.483, 3.498 and 4.077
were due to solvents (Figure 6.5). Aluminum phenoxide

13

C NMR shows four peaks

at 115.55, 119.22, 129.77 ppm due to C2 , C3 and C4 carbons and one peak at 157.63
due to quaternary carbon C1 . Signals at 47.9 and 39.9 are due to solvents (Figure
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(a)

1-Hexanol

Aluminum n-hexyloxide

(b)

Figure 6.2: (a) 1H NMR of aluminum n-hexyloxide, and (b) 1H NMR of aluminum
n-hexyloxide and 1-hexanol comparison.
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Figure 6.3: gCOSY of aluminum n-hexyloxide.

6.6). The 1H NMR of freshly distilled aluminum isopropoxide showed a doublet at
1.04 ppm due to CH3 and a heptet at 3.8 ppm due to the CH group. The alcohol
signal comes at 3.4 ppm (Figure 6.7). Aged aluminum isopropoxide 1H NMR showed
two high ﬁeld doublets at 0.92 and 1.66 ppm due to the terminal and bridged CH3
respectively and two lower ﬁeld heptets at 4.4 and 4.6 ppm due to terminal and
bridged CH, respectively. Signals at 3.6, 1.2 and 1.3 result from residual isopropyl
alcohol (Figure 6.8).
Aluminum phenoxide, freshly prepared aluminum isopropoxide, and aluminum
n-hexyloxide

27

Al NMR all showed one broad peak at 50 ppm that is consistent with
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Figure 6.4:

13C

NMR of aluminum n-hexyloxide.

tetra and penta-coordinated Al (Figure 6.9). The lack of an intense signal at 3.50
ppm is consistent with the absence of hexa-coordinated Al in these structures. Aged
aluminum isopropoxide

27

Al NMR showed one broad peak at 50 ppm that indicates

tetra-and penta-coordinated Al. The sharp signal at 3.50 ppm (Figure 6.10) indicates
the presence of hexa-coordinated aluminum (octahedral environment) [19, 31].
All measurements indicate that synthesized aluminum alkoxide with Al(OR)3
units oligomerized diﬀerently. Aluminum coordination number is 4 (Figure 6.11a) or
5 (Figure 6.11b) in APh, AH, and fresh AIP. However, the coordination number of
freshly distilled AIP increases to six (Figure 6.11c) as the alkoxide ages [32]. Aged
AIP with high donor properties of oxygen of the alkoxy group (-OR) allows for
formation of an oxygen bridged or polymeric structure with the attached oxygen
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C3

C2

C4
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n

Figure 6.5: 1H NMR of aluminum phenoxide.

functionality adopting a tetrameric structure. When the R group decreases donoracceptor properties it leads to lower coordinated structures.
6.4.3

XRD
Figure 6.12 shows the XRD patterns of alumina samples obtained by cal-

cinations of the synthesized aluminum alkoxides at diﬀerent temperatures. Figure
6.12a shows powder X-ray diﬀraction patterns of aluminum phenoxide after calcination at 550◦ C for 2 hours. The peaks for all the calcined aluminum alkoxides
are very broad, indicating that they are not crystalline. The particle sizes for these
aluminas are less than 2 nm, based on the calculation from peak broadening using
Scherrer formula [29]. Figure 6.12b shows XRD patterns of aluminum phenoxide at
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Figure 6.6:

Al

13C

NMR of aluminum phenoxide.

O

n

Figure 6.7: 1H NMR of freshly distilled aluminum isopropoxide.
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Figure 6.8: 1H NMR of aged aluminum isopropoxide .

Figure 6.9: 27Al NMR of aluminum phenoxide, freshly prepared aluminum isopropoxide and aluminum n-hexyloxide.

1000◦ C with a pattern consistent with standard γ and α-alumina. XRD patterns
of synthesized aluminum n-hexyloxide and aluminum isopropoxide after calcination
at 1000◦ C are crystalline, with a pattern consistent with standard γ-alumina. The
particle sizes for these aluminas are less than 5 nm, based on the calculation from
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Figure 6.10:

27Al

NMR of aged aluminum isopropoxide.
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Figure 6.11: (a) 4-coordinated aluminum, (b) 5-coordinated aluminum, (c) 6coordinated aluminum.

peak broadening using Scherrer formula [29]. All patterns were compared to an XRD
standard patterns for γ and α alumina in the International Centre for Diﬀraction
Data (ICDD) database software. Characteristic peaks of γ and α-alumina (JCPDS
ID card: 00029-0063) and (JCPDS ID card: 00001-1296), respectively, are seen in
all patterns.
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(a)

(b)

Figure 6.12: X-ray diﬀraction patterns of (a) APh, AH, and AIP calcined at 550◦ C,
(b) APh, AH, and AIP calcined at 1000◦ C.

6.4.4

BET
The surface area and porosity of nanosized aluminas produced from these

aluminum alkoxides with diﬀerent steric characteristics are shown in Table 6.2. The
aluminum hexoxide with lower A value shows a higher surface area and a larger pore
size.
Table 6.2: BET properties of aluminas sythesized from diﬀerent Aluminum
alkoxides.

Aluminum

BET

Mesopore

Pore

Standard

alkoxides

surface

volume

diameter

deviation

area (m2 /g)a

(cm3 /g)a

(nm)b

(nm)

APh

286.5

0.44

6.51

1.44

AIP

293.1

1.21

13.85

1.23

AH

362.4

1.49

19.92

1.56
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a

) Determined by N2 adsorption at 77 K.

b

) Determined by an improved slit geometry (SPG) model for large pore size using

the desorption branch [33].

6.4.5

ICP
It has been previously reported that ICP is a suitable technique for elemental

analysis of aluminum isopropoxide [34]. The experiments show that no mercury is
detected in any sample (Table 6.3).
6.4.6

Elemental analysis
Aluminum n-hexyloxide elemental analysis mass%: C calculated: 65.42; Found:

58.66. H calculated: 11.89; Found: 11.37. O calculated: 14.52; Found: 12.87. Aluminum phenoxide elemental analysis mass%: C calculated: 70.58; Found: 65.25.
H calculated: 4.94; Found: 5.49. O calculated: 15.67; Found: 14.72. Aluminum
isopropoxide elemental analysis mass%: C calculated: 52.93; Found: 39.14. H calculated: 10.36; Found: 8.7. O calculated: 23.50; Found: 15.82. The elemental analysis
(C, H, and O) of synthesized aluminum alkoxides does not agree with the calculated
C, H, and O values. To conﬁrm purity, I compared synthesized aluminum alkoxides
with available highly pure commercial aluminum alkoxides. The results, as shown in
Table 6.4, show that synthesized aluminum alkoxides have closer values to calculated
data than commercial aluminum alkoxides. Values out of range are commonly obtained for metal alkoxides due to problems with stability and incomplete combustion.
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Table 6.3: Mercury impurity in synthesized aluminum alkoxides.

Sample

Found, ppm

Aluminum isopropoxide

0.00

Aluminum Phenoxide

0.31

Aluminum hexoxide

0.42

Table 6.4: Elemental analysis of synthesized and commercial aluminum
isopropoxide.

Sample

6.5

C
C
O
O
H
H
Found calculated Found calculated Found calculated

Commercial AIP
Alfa-Aesar (98%)

38.02

52.93

13.52

23.50

7.31

10.36

Synthesized AIP

39.14

52.93

15.82

23.50

8.70

10.36

Conclusions
I have developed a generalized reaction conditions employing excess alco-

hol and low catalyst loading (1 mole aluminum, excess alcohol and 0.1 mole %
HgCl2 ) to produce high yields (90-95%) of various aluminum alkoxides. Aluminum
n-hexyloxide, aluminum phenoxide, and aluminum isopropoxide were synthesized
through this process. XRD data conﬁrmed that nano gamma and alpha aluminas
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were produced using the synthesized alkoxides.

27

Al NMR,

13

C NMR, gCOSY and

1

H NMR spectra provide evidence for the structures of APh, AH, AIP. APh and AH

structures do not aggregate. On the other hand, AIP tends to aggregate and forms
tetrameric structures when aged. These alkoxides can be used as starting materials
to make high surface area catalyst nanomaterials.
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